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ABSTRACT OF DISSERTATION

CONTROL OF METAL TRANSFER AT GIVEN ARC VARIABLES

Gas Metal Arc Welding (GMAW) is one of the most important welding processes in
industrial application. To control metal transfer at given variables is a focus in the field of
research and development in welding community.
In this dissertation, laser enhanced GMAW is proposed and developed by adding a lower
power laser onto the droplet to generate an auxiliary detaching force. The
electromagnetic force needed to detach droplets, thus the current that determines this
force, is reduced. Wire feed speed, arc voltage, and laser intensity were identified as three
major parameters that affect the laser enhanced metal transfer process and a systematic
series of experiments were designed and conducted to test these parameters. The
behaviors of the laser enhanced metal transfer process observed from high speed images
were analyzed using the established physics of metal transfer. In all experiments, the
laser was found to affect the metal transfer process as an additional detaching force that
tended to change a short-circuiting transfer to drop globular or drop spray, reduce the
diameter of the droplet detached in drop globular transfer, or decrease the diameter of the
droplet such that the transfer changed from drop globular to drop spray. The enhancement
of the laser was found to increase as the laser intensity increased. The larger laser
intensity tended to help reduce the size of the droplet detached. The arc voltage affected
the metal transfer process through changing the current and changing the gap and

possible time interval of the droplet development. A larger arc voltage helped reduce the
size of the droplet detached through an increased electromagnetic force. Desired heat
input and current/arc pressure waveforms may thus be both delivered and controlled by
GMAW through laser enhancement. Laser recoil pressure force was estimated based on
the difference of gravitational force with and without laser pulse, and the result was with
an acceptable accuracy. Good formation of welds and full penetration of thin plate could
be obtained using laser enhanced GMAW. A nonlinear model was established to simulate
the dynamic metal transfer in laser enhanced GMAW, and the results agree with the
experimental one.
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CHAPTER 1 INTRODUCTION AND
BACKGROUND

1.1 Background and Motivation
Welding process, which joins materials, usually metals or thermoplastics, by causing
coalescence, is one of the most important manufacturing processes in industry, such as
automotive, aerospace, shipbuilding, and boiler. Fusion welding is the most important
process compared to brazing and soldering as it was adopted in the most metal joining
processes [1-2].
Among all the fusion welding methods, gas metal arc welding (GMAW) is the most
common method adopted in the industry. It is operated as a semi-automatic or automatic
arc process for metals joining. It is the most widely used process for robot welding, in
which a robot carries a welding torch to travel along the weld seam or apply electrodes on
the sheets being joined [3-4].
Metal and energy transfer from the GMAW process is not gap dependent and is set
independently. The American Welding Society classifies the metal transfer into three
major types: short-circuiting transfer, globular transfer, and spray transfer [1]. When a
continuous waveform current is used and the current is small, the droplet may not be
detached until the droplet contacts the weld pool. In this case, the droplet is transferred
into the weld pool by the surface tension at a short-circuiting condition and the transfer
mode is short-circuiting. As a result of the low current, the heat input is relatively small
and relatively thin materials can be welded with relatively low heat input, distortion and
residual stress. However, the process needs to be appropriately controlled to minimize the
spatters that otherwise may be severe. If the current increases, but not large enough to
1

generate a sufficiently large electromagnetic force [5] to detach the formed droplet, then
the droplet may surpass the diameter of the electrode wire and be detached mainly by
gravity. This transfer mode is globular metal transfer. If the current further increases such
that the detaching electromagnetic force becomes sufficiently large, the transfer mode
may change to projected spray transfer in which discrete droplets detached at diameters
similar with that of the wire; or even streaming or rotating spray transfer resulting in a
stream of small continuous droplets. With spray transfers, high productivity is obtained
due to the high current but may be at the expenses of high heat input, distortion and
residual stress.
While the pulsed GMAW has been widely adopted in industry, it does have certain
limitations. The fundamental cause of these limitations is that a peak current higher than
the transition current [1] must be used in order to detach the droplet to complete the metal
transfer. Vaporization occurs under high amperage and results in fumes. More critically,
the arc pressure is proportional to the square of the amperage [6-7]. The high arc pressure
may blow liquid metal away from the weld pool. For full penetration application where
the work-piece has to be fully penetrated through the entire thickness, the high arc
pressure may easily cause burn-through. This is the major reason why the less productive
GTAW process, whose amperage can be set at whatever level needed, has to be used for
the root pass in full penetration applications.
It is apparent that the major role of the high peak current in pulsed GMAW is to generate
the electromagnetic force to detach the droplets. However, the high peak current produces
undesirable side-effects that affect the GMAW’s capability to be used in full penetration
applications and to be a “clean” process to compete with the less productive GTAW. In
this case, an alternative way was proposed to apply a needed force to detach the droplets
without producing undesirable side-effects. The ultimate goal is to apply a pulsed laser of
low power to the droplet to detach it whenever needed such that the droplet be detached
at whatever amperage that best suits for the control of the weld pool. The resultant
process is referred to as Laser Enhanced GMAW. In the novel laser enhanced GMAW, a
low power laser was projected onto the droplet to generate an auxiliary detaching force.
In this case, free flight metal transfer would be obtained with welding current below
2

transition one. By controlling laser intensity, droplet could be detached at desired arc
variables and desired size.

1.2 Objective and Focus
As aforementioned, in conventional GMAW, when the welding current is lower than the
transition one, the metal transfer type will be short-circuiting or repelling globular
transfer mode. Both the two transfer modes will be along with some shortcomings.
Projected spray metal transfer is a preferred metal transfer type, but relatively high
welding current through work-piece will take distortion and internal stress to the welds.
In this case, to obtain free flight transfer with welding current under transition one
becomes a main concern in the research and application field. To fully control the
GMAW process, droplet size should be monitored and controlled. If droplet could be
detached at desired arc variables, forces affected on the droplet ant welding parameters
will be combined to control the metal transfer process.
There are many methods which are “neat” using smart approaches to resolve different
issues and difficulties but being “neat” also restricts their applications in wider ranges.
Toward the development of a more general method, the laser enhanced GMAW as shown
in Fig. 1 has been proposed/developed. It adds a relatively low power laser to a
conventional GMAW and the objective is to provide an auxiliary force to help detach the
droplet at a desired diameter with any desired current that most suits for the application
including future adaptive control applications where the current needs to be adjusted
freely as determined by the control algorithm. It is apparent that the laser enhanced
GMAW is fundamentally different from the laser hybrid GMAW [8-15] where a laser
beam of substantially high power aims at the base metal rather than the droplet. In laser
enhanced GMAW, the laser recoil pressure force was to be the additional force to help
detach the droplet. To fully control this novel process, control algorithm should be set up
to build closed-loop control system to get a stable and full controlled process. As the
metal transfer process will be controlled at a desired level, the formation of welds will be
improved. Full penetration could be obtained in such a controlled metal transfer process.
3

Laser Beam
Droplet

Arc

Work-Piece

Fig. 1-1 Principle of Laser Enhanced GMAW
To this end, the main approach to reach objectives in this dissertation including following
steps:
(1) Construct a laser enhanced GMAW experimental system with sensors monitoring the
current, voltage, wire feed speed, travel speed and laser power information to help
evaluating whether the system satisfies experimental requirements.
(2) Analyze the metal transfer process and identify the main parameters to effect stability
of this process.
(3) Propose an estimating method to calculate the laser recoil pressure force which is the
main effect on the droplet from the laser.
(4) Obtain full penetration using laser enhanced GMAW.
(5) Design control algorithm based on nonlinear modeling and neutral network modeling
to full control this novel process.
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1.3 Dissertation structure
Respecting the approach above, this dissertation has an organizational structure which is
listed below.
Chapter 1: Introduction and Background
The background and motivation of this dissertation will be illustrated, and the objectives
of this research are also introduced.
Chapter 2: Literature Review
In this section, the Gas Metal Arc Welding process will be introduced. Other improved
GMAW related with this dissertation will be reviewed. The metal transfer process will be
fully discussed.
Chapter 3: Principles of Laser Enhanced GMAW and Experiment System
The proposed experiment system will be introduced, and experiment materials and
equipments used in this dissertation will be also illustrated. Important configuration and
parameters relation of laser enhanced GMAW will be introduced.
Chapter 4: Metal Transfer Phenomenon in Laser Enhanced GMAW
The proposed laser enhanced GMAW is developed and realized. The metal transfer type
is changed due to the auxiliary detaching force. The novel process will be analyzed, and
the main reason to cause this change will be discussed.
Chapter 5: Metal Transfer Influence Factors in Laser Enhanced GMAW
Metal transfer process in laser enhanced GMAW will be sufficiently discussed. The
influence factors will be identified. A method will be proposed to estimate the laser recoil
pressure force.
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Chapter 6: Pulsed Laser Enhanced GMAW and Related Wire Melting Phenomenon
Laser enhanced GMAW with pulses welding current and pulsed laser power will be
developed. It could further enhance metal transfer.
Chapter 7: Controlled Droplet Transfer and Full Penetration Using Laser Enhanced
GMAW
The surface quality of welds will be introduced, and good formation of welds will be
obtained with controlled metal transfer. Full penetration of mild steel will be obtained
using laser enhanced GMAW. Good formation of welds both front and back sides will be
achieved.
Chapter 8: Predictive and Nonlinear Control of Laser Enhanced GMAW
Two control models based on neutral network and nonlinear analysis will be proposed,
and results will be shown to demonstrate that they satisfy the requirements of laser
enhanced GMAW control.
Chapter 9: Conclusion and Future Work
This part concludes the whole project in every academic aspect. The future research
objective of this research is also discussed.

Copyright © Yi Huang 2011
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CHAPTER 2 LITERATURE REVIEW

2.1 Review of GMAW
Gas metal arc welding (GMAW) is a semi-automatic or automatic arc welding process in
which a continuous and consumable wire electrode and a shielding gas are fed through a
welding gun. The principles of gas metal arc welding began to be understood in the early
1800s, after Humphry Davy's discovery of the electric arc in 1800. Initially, carbon
electrodes were used, but by the late 1800s, metal electrodes had been invented by N.G.
Slavianoff and C. L. Coffin. In 1920, an early predecessor of GMAW was invented by P.
O. Nobel of General Electric. It used a bare electrode wire and direct current, and used
arc voltage to regulate the feed rate. It did not use a shielding gas to protect the weld, as
developments in welding atmospheres did not take place until later that decade. In 1926
another forerunner of GMAW was released, but it was not suitable for practical use [1-2,
17].
It was not until 1948 that GMAW was finally developed by the Battelle Memorial
Institute. It used a smaller diameter electrode and a constant voltage power source, which
had been developed by H. E. Kennedy. It offered a high deposition rate, but the high cost
of inert gases limited its use to non-ferrous materials and cost savings were not obtained.
In 1953, the use of carbon dioxide as a welding atmosphere was developed, and it quickly
gained popularity in GMAW, since it made welding steel more economical. In 1958 and
1959, the short-arc variation of GMAW was released, which increased welding versatility
and made the welding of thin materials possible while relying on smaller electrode wires
and more advanced power supplies. It quickly became the most popular GMAW
variation. The spray-arc transfer variation was developed in the early 1960s, when
experimenters added small amounts of oxygen to inert gases. More recently, pulsed
7

current has been applied, giving rise to a new method called the pulsed spray-arc
variation [2, 16-18].
GMAW is currently one of the most popular welding methods, especially in industrial
environments. It is adopted extensively by the sheet metal industry and, by extension, the
automobile industry. There, the method is often used to do arc spot welding, thereby
replacing riveting or resistance spot welding. It is also popular in robot welding, in which
robots handle the work-pieces and the welding gun to quicken the manufacturing process
[1, 3, 16-18].
Generally, it is unsuitable for welding outdoors, because the movement of the
surrounding atmosphere can dissipate the shielding gas and thus make welding more
difficult, while also decreasing the quality of the weld [1-3, 16-18]. This problem can be
alleviated to some extent by increasing the shielding gas output, but this can be expensive
and may also affect the quality of the weld. In general, processes such as shielded metal
arc welding and flux cored arc welding are preferred for welding outdoors, making the
use of GMAW in the construction industry rather limited. Furthermore, the use of a
shielding gas makes GMAW an unpopular underwater welding process, and for the same
reason it is rarely adopted in space applications.
In GMAW process as illustrated in Fig. 2-1 [1], a mandatory wire is fed to the contact
tube which is typically connected to the positive terminal of the power supply. When the
wire touches the negatively charged work piece, the tip of the wire is rapidly burnt
forming a gap between the wire and the work piece and an arc is ignited across this gap.
The arc melts the wire and melted metal forms a droplet at the tip of the wire; after the
droplet is detached, a new droplet starts to form and a new cycle starts. This metal
transfer process is subject to periodic change in the arcing conditions and plays the most
critical role in determining/controlling the weld quality in GMAW. To produce high
quality welds similarly as the gas tungsten arc welding (GTAW) where the arcing
conditions are stationary, the metal transfer needs to be appropriately controlled.
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Fig. 2-1 Illustration of GMAW process
As GMAW is a focus topic in welding research and application, there are many aspects
which need special work. Hereby, basic variables will be introduced for the later analysis.
2.1.1 Basic variables of GMAW
There are some basic variables of GMAW which will affect metal transfer, weld
penetration, bead geometry and overall weld quality. The basic variables of GMAW
usually have strong coupling relationship which means that they influence each other
significantly [1-3, 16-18].
Current Density: Current density is defined as the current employed with a particular
electrode diameter divided by its current carrying cross-sectional area. If the wire feed
speed is low with other parameter the same, then the current density will be low, and vice
versa. Lower current density applied to a given electrode is associated with the shortcircuit mode of metal transfer. At the same time, higher current density is associated with
the higher energy modes of metal transfer: globular, axial spray transfer or the more
advanced pulsed spray metal transfer.
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Welding Current: When all other variables are held constant, the welding current varies
with the electrode feeding speed or melting rate in a nonlinear relation. Generally
speaking, for a chosen filler wire, welding current increases itself along with the
increment of wire feeding speed. The upper limit of welding current is often regulated by
the material and geometry of base metal in order to prevent burn through.
Electrode Efficiencies: Electrode efficiency refers to the percentage of electrode that
actually ends up in the weld deposit. Spatter levels, smoke, and slag formers affect the
electrode efficiency in GMAW. The electrode efficiency is a numeric value that is
assigned to the particular mode of metal transfer.
Polarity: Polarity is used to describe the electrical connection of the welding gun with
relation to the terminals of a direct current power source. When the gun power lead is
connected to the positive terminal, the polarity is designated as direct current electrode
positive (DCEP), arbitrarily called reverse polarity. When the gun is connected to the
negative terminal, the polarity is designated as direct current electrode negative (DCEN),
originally called straight polarity [18].
Arc Voltage: Arc voltage and arc length are terms that are often used interchangeably.
With GMAW, arc length is a critical variable that must be fully controlled [1].
Travel speed: Travel speed is the linear rate at which the arc is moved along the weld
joint. With all other conditions held constant, weld penetration is a maximum at an
intermediate travel speed [1-3, 16-19].
Deposition Rate: The melt-off rate for a particular electrode does not include
consideration for the efficiency of the mode of metal transfer or the process. Its interest is
in how much electrode is being melted. Deposition rate is applied to the amount of
electrode, measured in wire feed speed per unit of time, that is fed into the molten puddle.
Importantly, its value reflects the use of the factor for electrode efficiency.
Electrode Extension: The electrode extended from the end of the contact tip to the arc is
properly known as electrode extension. The popular non-standard term is electrical stick10

out (ESO). In GMAW, this is the amount of electrode that is visible to the welder. The
electrode extension includes only the length of the electrode, not the extension plus the
length of the arc. The use of the term electrode extension is more commonly applied for
semiautomatic welding than it is for robotic or mechanized welding operations. Fig. 2-2
shows the scheme image of electrode extension in GMAW.

Fig. 2-2 Electrode extension
Besides, other parameters such as electrode orientation and shielding gas are also
important which influence the process significantly.

2.2 Metal Transfer in GMAW
In GMAW, the electrode wire melts forming a droplet at its end and the droplet
eventually transfers into the base metal. This periodical metal melting and droplet
forming, growing, detaching, and traveling process is traditionally referred to as the metal
transfer process.
As previously mentioned [1], the American Welding Society classifies the metal transfer
into three major types/modes: short-circuiting, globular, and spray. Metal transfer modes
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are affected by several operational factors, such as welding current, composition of
shielding gas, wire extension, the ambient pressure, active elements in the electrode,
polarity, and welding material [20-23]. Of all of these, welding current is the most
important factor to determine the metal transfer mode. When a continuous waveform
current is used and the current is small, the droplet may not be detached until the droplet
contacts the weld pool. This transfer mode is referred as short-circuiting transfer. If the
welding current increases or the arc length increases, the droplet will gradually grow until
the gravitational force could balance the surface tension, and then the droplet will detach.
This transfer mode is globular transfer. When the current further increases, the
electromagnetic force may become a sufficiently large enough detaching force to detach
the droplets whose diameter is similar (drop spray) to or much smaller (streaming spray)
than that of the electrode wire. The metal transfer modes were widely studied in the
literatures [23-25]. Metal transfer control was also a focus in the research community
[26-29]. The International Institute of Welding (IIW) further classifies globular transfer
into Drop Globular and Spelled Globular [25, 30]. The IIW classification of metal
transfer is shown in Table 2-1 [25, 31].
Table 2-1 Classification of Metal Transfer in GMAW
Metal Transfer Mode

1. Free

Sketch

Examples

1.1 Globular

Low Current

1.1.1Drop

GMAW

Flight
Transfer
CO 2 Shield

1.1.2 Repelled

GMAW
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Table 2-1 Classification of Metal Transfer in GMAW (Continued)
Metal Transfer Mode

Sketch

1.2 Spray

Examples

Intermediate
Current GMAW

1.2.1 Projected

Medium-Current

1.2.2 Streaming

GMAW

High-Current

1.2.3 Rotating

GMAW

SMA (Coated

1.3 Explosive

Electrode)

Short-Arc

2.1 Short-Circuiting

GMAW

2 Bridging
Transfer
Welding with

2.2 Bridging without

Filler Wire

interruptions

3 Slag

Addition

3.1 Flux Wall Guided

SAW

Protected
Transfer

SMA, Cored

3.2 Other Modes

Wire, Electroslag
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2.2.1 Short-circuit metal transfer
Different modes of metal transfer are generated by different levels of current. When the
current is small, the droplet may not be detached until the droplet contacts the weld pool.
In this case, the transfer mode is short-circuiting [1-3, 16-18, 32-35].
The transfer of a single molten droplet of electrode occurs during the shorting phase of
the transfer cycle (See Fig. 2-3). Physical contact of the electrode occurs with the molten
weld pool, and the number of short-circuiting events can occur up to 200 times per
second. The current delivered by the welding power supply rises, and the rise in current
accompanies an increase in the magnetic force applied to the end of the electrode. The
electromagnetic field, which surrounds the electrode, provides the force, which squeezes
(more commonly known as pinch) the molten droplet from the end of the electrode.

Fig. 2-3 Short-circuiting transfer
A The solid or metal-cored electrode makes physical contact with the molten puddle. The
arc voltage approaches zero, and the current level increases. The rate of rise to the peak
current is affected by the amount of applied inductance.
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B This point demonstrates the effect of electromagnetic forces that are applied uniformly
around the electrode. The application of this force necks or pinches the electrode. The
voltage very slowly begins to climb through the period before detachment, and the
current continues to climb to a peak value.
C This is the point where the molten droplet is forced from the tip of the electrode. The
current reaches its maximum peak at this point. Jet forces are applied to the molten
puddle and their action prevents the molten puddle from rebounding and reattaching itself
to the electrode.
D This is the tail-out region of the short-circuit waveform, and it is during this downward
excursion toward the background current when the molten droplet reforms.
E The electrode at this point is, once again, making contact with the molten puddle,
preparing for the transfer of another droplet. The frequency of this varies between 20 and
200 times per second. The frequency of the short-circuit events is influenced by the
amount of inductance and the type of shielding gas. Additions of argon increase the
frequency of short-circuit and it reduces the size of the molten droplet.
Because of the low-heat input associated with short-circuiting transfer, it is more
commonly applied to sheet metal thickness material. However, it has frequently found
use for welding the root pass in thicker sections of material in open groove joints. The
short-circuiting mode lends itself to root pass applications on heavier plate groove welds
or pipe.
2.2.2 Globular transfer
If the current increases, but not large enough to generate a sufficiently large
electromagnetic force [1] to detach the formed droplet, then the droplet may surpass the
diameter of the electrode wire and be detached mainly by gravity. This transfer mode is
globular [1-3, 16-18, 32-35].
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Globular metal transfer is one of GMAW metal transfer modes, whereby a continuously
fed solid or metal-cored wire electrode is deposited in a combination of short-circuits and
gravity-assisted large drops. The larger droplets are irregularly shaped.
During the use of all metal-cored or solid wire electrodes for GMAW, there is a transition
where short-circuiting transfer ends and globular transfer begins. Globular transfer
characteristically gives the appearance of large irregularly shaped molten droplets that are
larger than the diameter of the electrode. The irregularly shaped molten droplets do not
follow an axial detachment from the electrode, instead they can fall out of the path of the
weld or move towards the contact tip. Cathode jet forces, which move upwards from the
work-piece, are responsible for the irregular shape and the upward spinning motion of the
molten droplets.
The process at this current level is difficult to control, and spatter is severe. Gravity is
instrumental in the transfer of the large molten droplets, with occasional short-circuits.
2.2.3 Spray transfer
If the current further increases, then the transfer mode may become the projected spray if
the detaching electromagnetic force becomes sufficiently large. In this case, the
streaming or rotating spray transfer may occur [1-3, 16-18, 25, 32-35].
Spray metal transfer is the highest energy mode of metal transfer, whereby a continuously
fed solid or metal-cored wire electrode is deposited at a higher energy level, resulting in a
stream of small molten droplets. The droplets are propelled axially across the arc. It is the
highest energy form of GMAW metal transfer.
There are many advantages of spray metal transfer.
•

High deposition rates.

•

High electrode efficiency of 98% or more.

•

Employing a wide range of filler metal types in an equally wide range of electrode
diameters.
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•

Excellent weld bead appearance.

•

High operator appeal and ease of use.

•

Little post weld cleanup required.

•

Absence of weld spatter.

•

Excellent weld fusion.

•

Widely applications in semiautomatic, robotic, and hard automation fields.

But there are still some limitations of axial spray transfer. For example, welding fume
generation is higher. The higher-radiated heat and the generation of a very bright arc
require extra welder and bystander protection. The higher heat input may cause welder
distortion.
2.2.4 Factors Affecting Metal Transfer Types
Metal transfer modes are affected by several operational factors, such as welding current,
composition of shielding gas, wire extension, the ambient pressure, active elements in the
electrode, polarity, and welding material [1-3, 20-25, 32-35] Of all of these, welding
current is the most important factor to determine the metal transfer mode and it has been
discussed before.
Different shielding gases can produce totally different metal transfer types. Argon and
helium are the two inert shielding gases used for protecting the molten weld pool. These
two inert shielding gases do not react with the molten metal so that they will not
influence the components of welds. In the GMAW process, the shielding gas will be
ionized to become a conductive gas. The thermal conductivity is the most important
consideration for selecting a shielding gas. High thermal conductivity levels result in
more conduction of the thermal energy into the work-piece. The thermal conductivity
also affects the shape of the arc and the temperature distribution within the region. As
argon has a lower thermal conductivity rate which is about 10% of level for helium, it is
suitable for the full penetration research. CO 2 is a reactive shielding gas used in GMAW.
When CO 2 is adopted, it is very difficult to obtain free flight metal transfer as the
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electromagnetic force will become retaining force. Fig. 2-4 shows the different bead
contour and penetration patterns for various shielding gas [3].

Fig. 2-4 Bead contour and penetration patterns for various shielding gases
Wire extension is also important to influence the metal transfer types. With a longer
electrode extension, the transition current from globular to spray will decrease. Other
influence factors play important roles in metal transfer, and it will be not discussed in this
dissertation as they are not as important as the ones discussed before.

2.3 Previous Research of Novel Welding Process on Metal Transfer
As the distortion and internal stress in the welds is related to the square of welding
through work-pieces, the best way to reduce them is to reduce the welding current.
However, when the welding current is lower than the transition current, short-circuiting
or globular transfer will be generated. In this case, researchers did much work to propose
and develop novel modified GMAW to lower welding current and eliminate the spatters.
2.3.1 Laser-MIG hybrid welding
The laser-MIG hybrid welding process is a coupling of a traditional MIG welding process
and a laser welding process [8-15, 36-40]. In laser-MIG hybrid welding process, the laser
beam aims at the welding pool to increase the welding penetration. The laser preheats the
work piece to make the droplet transfer easier which also results in a deeper penetration.
The MIG torch provides the molten metal for the joining process. The metal transfer type
18

is mainly determined by the GMAW process. To ensure a stable metal transfer process,
the welding current is usually higher than the transition current. Fig. 2-5 shows the
working process of laser-MIG hybrid welding [40]. Laser –MIG hybrid welding leads to
significant improvements in welding speed and weld quality [15]. Figure 2-6 shows torch
installation of laser-MIG [39].

Fig. 2-5 Laser-MIG/MAG welding process
The hybrid welding process is involved in a growing number of industrial applications
due to its technical advantages. It will increase the welding speed thus high productivity.
In hybrid process, the cost of power source will be reduced and the electrical efficiency
will increase. A good weld quality is obtained with low and predictable distortion, which
implies a reduction in the need for rework.
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(a)

(b)

Fig. 2-6 Torch installation of laser-MIG: (a) Instruction diagram (b) Real torch
The disadvantage of laser-MIG welding firstly limits its application. First it is a little
expensive to employ a high power laser in the industry process. Second the laser-MIG
hybrid welding process has large numbers of parameters to be set up. The set up of the
processing parameters requires a high degree of skill and accuracy, and these imperatives
added to an incomplete knowledge of the process are limiting factors for the industrial
application. Moreover, laser-MIG hybrid welding can’t reduce base metal heat input
because laser is a great heat source and metal transfer was determined by the GMAW
itself.
2.3.2 Surface Tension Transfer
Surface Tension Transfer (STT) welding is a GMAW, controlled short circuit transfer
process developed and patented by The Lincoln Electric Company [41-42]. Unlike
standard CV GMAW machines, the STT machine has no voltage control knob. STT uses
current controls to adjust the heat independent of wire feed speed, so changes in electrode
extension do not affect heat.
A Background Current between 50 and 100 A maintains the arc and contributes to base
metal heating. After the electrode initially shorts to the weld pool, the current is quickly
reduced to ensure a solid short. Pinch Current is then applied to squeeze molten metal
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down into the pool while monitoring the necking of the liquid bridge from electrical
signals. When the liquid bridge is about to break, the power source reacts by reducing the
current to about 45-50 A. Immediately following the arc re-establishment, a Peak Current
is applied to produce plasma force pushing down the weld pool to prevent accidental
short and to heat the puddle and the joint. Finally, exponential Tail-out is adjusted to
regulate overall heat input. Background Current serves as a fine heat control [43-44].
The basic principle of STT control technology can be explained below with reference to
Fig. 2-7 in [45-51]:

Fig. 2-7 Surface tension transfer (STT) process
(1) Background current period 𝑇0 − 𝑇1 : In this period, the current is at the level of the

arc prior to shorting to the weld pool. It is a steady-state current level, between 50 and
100 A.

(2) Ball time 𝑇1 − 𝑇2 : When the electrode initially shorts (at the background current),

the “arc voltage” detector provides a signal that the “arc” is shorted. The background
current is further reduced from the background level to 10 A for approximately 0.75 ms.
This time interval is referred to as the ball time.
(3) Pinch mode 𝑇2 − 𝑇3 : Following the ball time, a high current is applied to the shorted
electrode in the form of an increasing, dual-slope rA. This accelerates the transfer of the
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molten metal from the electrode to the weld pool by applying electric pinching forces.
(Note that the electrode-to-work voltage is non zero during this period due to the high
resistivity of iron at its melting point of 1550 ℃)

(4) The dv/dt calculation 𝑇3 − 𝑇4 : This calculation is included within the pinch mode. It

is the calculation of the rate of change of the shorted electrode voltage vs. time. When
this calculation indicates that a specific dv/dt value has been attained, indicating that fuse
separation is about to occur, the current is reduced to 50 A in milliseconds. (Note, this
event occurs before the shorted electrode separates. 𝑇4 indicates the separation has

occurred, but at a low current.)

(5) Plasma boost 𝑇5 − 𝑇6 : This mode follows immediately the separation of the electrode

from the weld pool. It is the period of high arc current where the electrode is quickly
“melted back.”
(6) Plasma 𝑇6 − 𝑇7 : During this period, the arc is reduced from plasma boost to the
background current level.

STT welding has many advantages. First, good penetration and low heat input control
could be obtained, so that it is ideal for welding on joints with open root, gaps, or on thin
material with no burn-through. The ability to concentrate the arc also aids in the
elimination of cold lapping on open root joints for pipe and pressure vessels. The lower
heat input provides the advantage of less material distortion and burn-through by
providing only the required amount of heat to produce the weld, even in sensitive
material like stainless steel. This precise control of heat means that even thin gauge
galvanized sheet metal can be welded without burning off the galvanized plating on the
back side of the metal. Second, as current is controlled to achieve optimum metal transfer,
spatters and fumes will be reduced. As STT has the ability to use 100% CO2 or argon
shielding gas blends with larger diameter wires, costs will be reduced. Good bead control
and faster travel speeds will be achieved [41-51].
The detail comparison of GMAW to STT is shown in Table. 2-2 [43].
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Table 2-2 Comparison of GMAW to STT
Gas Metal Arc Welding
Metal Transfer
Process

Short Circuiting Transfer

Surface Tension Transfer
Modified Short Arc with the Aerage
and Voltage changed based upon the
needs of the Arc

Voltages

16V To 22V

16V To 22V

Aerages

Low Aerages: (30A to 200A)

Two Aerage Levels:
• Peak Current (0A to 450A)
• Background Current (0A to 125A)

Wire Electrode
Size
Shielding Gases

Typically Smaller Diameters
(0.025 in to 0.045 in)
(0.60 mm to 1.10 mm)
• 100% CO2 (Lowest Cost)

Typically Larger Diameters (0.035

• 75% Ar/25% CO2 Gas Mix

• Custom blended to meet the

and 0.045)
• 100% CO2 (Lowest Cost)

optimum arc physics
Advantages

• All Position Welding

• Low Heat Input

• Low Cost

• Controlled Heat Input
• All Position Welding
• Handles Poor Fit Up
• Minimal Spatter
• Can Use a Larger Wire Size
• Minimal Smoke
• Low Cost Gas
• Good Fusion

Limitations

Costs

• Spatter
• Potential Lack of Fusion
• Limited to a Modified ShortCircuit

• More Expensive Equipment

$3,000

$6,000
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• Limited to Thin Material Mode

Table 2-2 Comparison of GMAW to STT (Continued)
Gas Metal Arc Welding

Surface Tension Transfer

Training/Skill

Similar

Similar

Materials

• Carbon and Low Alloy Steels

• Carbon and Low Alloy Steels

• Galvanized/Zinc Coated

• Galvanized/Zinc Coated

• Stainless and Nickel Alloys

(plating unaffected on backside)

• Silicon Bronze and Copper

• Stainless and Nickel Alloys (with

Alloys

greatly reduced spatter)
• Silicon Bronze and Copper Alloys

Industries

• Automotive

• Automotive

• Food and chemical

• Pipe and Pressure Vessel

processing

• Power Generation

• Consumer products

• Food and chemical processing
• Thin gauge consumer products

Like other welding processes, STT also has some limitations. By the use of a patent
protected technology [41-51] and the cost savings that are realized though its benefits, the
STT power source is initially more expensive than a constant voltage power source. The
deposition rates are lower than globular, spray arc and pulse spray, but are equal to that of
short circuit welding. As in pulsed spray welding, setting the welding parameters for STT
are quite different than settings normally used and may require additional training.
Finally, the STT process differs from the conventional short circuiting process through its
inability to perform aluminum welding at this time. The key aspect of STT technology
appears to be the application of a high current to impose an electric pinching force to
speed the transfer and the application of a rapid current reduction when the liquid metal
bridge is about to break to reduce the explosion and spatters. In order to eliminate the
spatters, the current should be reduced to zero. However, reduction to zero will
extinguish the arc and re-strike of the arc will cause larger amount of spatters.
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Alternatively, if the current is too small, the arc may also be extinguished. Hence, 50 A
has been selected based on a trade-off between the spatter reduction and arc maintenance.
2.3.3 Cold Metal Transfer
Developed by Fronius International GmbH, Wels, Austria, the CMT process is based on
short circuiting transfer, or rather, on a deliberate, systematic discontinuing of the arc
[52-55]. The result is a sort of alternating "hot-cold-hot-cold" sequence. This "hot-cold"
process greatly reduces the arc pressure.
The CMT process is a dip arc process with a completely new method of the droplet
detachment from the wire. In the conventional dip arc process the wire is advanced until a
short circuit occurs. At that moment the welding current rises and this high current is
responsible for the short circuit to open so that the arc can ignite again. On the one hand
the high short circuit current corresponds to a high heat input. On the other hand the short
circuit opens rather uncontrolled which results in lots of spatters in the conventional dip
arc process.
In the CMT process the wire is not only pushed towards but also drawn back from the
work-piece, an oscillating wire feeding with an average oscillation frequency up to 70 Hz
is performed as it is shown in Fig. 2-8 [53].

Fig. 2-8 Cold Metal Transfer Process
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In the CMT-process the wire is moved towards the work-piece until a short circuit occurs.
At that moment the wire speed is reversed and the wire pulled back. When the short
circuit opens again, the wire speed is again reversed, the wire moves towards the workpiece again and the process begins again. Here there is no predetermined time schedule
for the wire movement, but the occurrence and the opening of a short circuit determine
the wire speed and direction. Therefore the wire movement determines what is happening
in the weld pool, and the things happening in the weld pool determine the wire movement.
The CMT-process has many advantages.
•

Assists droplet detachment by means of the wire-motions incorporated in the digital
process-control

•

Reduces the thermal input by achieving almost current-free metal transfer

•

Ensures spatter-free metal transfer by controlling the short circuiting

•

Permits spatter-free MIG/MAG robot welding and brazing of ultra-light gauge sheets
from 0.3 mm (0.012"), and joining of steel to aluminum

Compared to conventional GMAW, the CMT process reduces heat input to the workpiece, and it is a spatter-free process as wire motions are incorporated into process
control. Another important advantage of the CMT-process is the extremely perfect arc
length control. In conventional GMA welding, the surface of the work-piece and the
welding speed can both have a very marked effect on the stability of the arc. In CMT, the
arc length is acquired and adjusted mechanically. This means that the arc remains stable,
no matter what the surface of your work-piece is like or how fast you want to weld.
Further the CMT-process is the extremely high gap bridgability. The problem for thin
sheets and large gaps with conventional GMAW processes is the relatively high heat
input. In CMT-process, as low heat input to the work-piece, thin sheet welding and
brazing could be obtained with less distortion. The concentrations of pollutants
investigated in CMT brazing are far below those encountered in MIG brazing – nearly
90 % less copper fumes, and as much as 63 % less zinc than with conventional diptransfer arc-technology. The CMT-process could join different metal, such as aluminum
and steel, aluminum and magnesium [56-59].
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As with every other welding process, the CMT-process has also its limits. Fig. 2-9 shows
the region of the pure CMT-process (with no addition of the pulsed arc) in the diagram of
welding voltage versus welding current [52].

Fig. 2-9 Voltage versus current diagram with addition of the region for the pure CMTprocess
The CMT-process has its upper limit at the point where the transition arc starts to appear.
For higher currents a short circuit does not occur any more and therefore the CMT
process cannot be performed any more. The lower limit for the CMT-process is lower
compared to the standard dip arc process. Therefore the range of welding becomes larger.
The diagram also clearly shows that the power and therefore the heat input of the CMT
process is lower compared to the conventional dip arc process.
As heat input is low in CMT-process, the height-to-width-ratio of weld seam is relatively
high, so the penetration is not good. So the CMT-process could be combined with other
GMAW process to produce good weld penetration, such as with pulsed GMAW [52, 60].
2.3.4 Double Electrodes GMAW
Double Electrodes GMAW (DE-GMAW) was proposed and developed in Center of
Manufacturing at University of Kentucky [61-67]. The aims are to seek a method to
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double the welding productivity meanwhile reducing heat input to welds and monitoring
the metal transfer. High welding productivity requires faster wire feeding speed. To melt
more metal, a larger melting current is an essential condition. In conventional GMAW,
all melting current flows through base metal which means that melting current equals
base metal current. Thus, it is impossible to increase base metal current freely because
base metal current is always restricted by the application and material. Excessive heat
input to work-piece will take distortion and internal stress to welds which will increase
the cost of after treatment.
DE-GMAW is oriented to solve this dilemma by adding a bypass torch to conventional
GMAW so the melting current does not have to all pass through the base metal, as shown
in Fig. 2-10 [61]. In the system shown in Fig. 2-10, a GTAW torch was added to bypass
the total current through the GMAT torch.

Fig. 2-10 Non-consumable DE-GMAW system diagram
In DE-GMAW, the current relationship is represented by
𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐼𝑚𝑒𝑙𝑡𝑖𝑛𝑔 = 𝐼𝑏𝑎𝑠𝑒 𝑚𝑒𝑡𝑎𝑙 + 𝐼𝐵𝑦𝑝𝑎𝑠𝑠

(2-1)

From Eq. (2-1), the total welding current is divided into base metal current and bypass
current. The total current of DE-GMAW is determined by the wire feed speed and
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welding current (Constant voltage mode) or the welding power current (Constant welding
mode). In this case, the base current could be adjusted by changing the bypass current.
The melting current could be significant increased without changing the base current. The
metal transfer type could be also controlled by controlling the bypass current such that
free flight metal transfer could be obtained with welding current a little below the
transition current.
To better utilize the bypass current, DE-GMAW is further developed and the bypass
GTAW torch is replaced by another GMAW torch. In this case, the bypass current will be
used to melt welding wire and productivity will be further increased. The system
schematic figure is shown in Fig. 2-11 [64].

Travel direction

Fig. 2-11 System diagram of consumable DE-GMAW
The DE-GMAW provides an effective way to increase welding productivity and
minimize the heat input to work-piece. However, the total current is higher than the
transition current. The capability to control metal transfer is not obvious. As bypass torch
is adopted, it will reduce the arc stability and cause magnetic below.
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2.3.5 Double Bypass GMAW
To increase arc stability and eliminate magnetic below, Double Bypass GMAW (DBGMAW) is developed in Center of Manufacturing at University of Kentucky [68-70].
Two GTAW torches are adopted as the two bypass one. As shown in Fig. 2-12, the force
acting on the droplet will be balanced by the bypass forces themselves. The left bypass
current will be the same as the right one, and they could be monitored and controlled. In
this case, magnetic below will be avoided.

Fig. 2-12 Arc forces act on the droplet in DB-GMAW
The schematic image of DB-GMAW is shown in Fig. 2-13. As the bypass welding
currents could be controlled, the current through the base metal is also well controlled.
Heat input to work-piece is also reduced to a desired level.
Similar as the DE-GMAW, the metal transfer type in DB-GMAW is changed. Free flight
metal transfer could be obtained with total welding current a little below transition
current. Much electric energy is used on the bypass torches which take little benefits to
the metal transfer process.
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Fig. 2-13 Illustration of DB-GMAW
2.3.6 Other Metal Transfer Control Methods of GMAW
Pulsed spray metal transfer (GMAW-P) is a highly controlled variant of axial spray
transfer, in which the welding current is cycled between a high peak current level to a
low background current level. In GMAW-P, the base current is used to keep the arc on
while the peak current is adopted to melt the electrode and detach droplet. The heat input
and average current will be lowered to an acceptable level. While the pulsed GMAW has
been widely adopted in industry, it does have certain limitations. The fundamental cause
of these limitations is that a peak current higher than the transition current [1] must be
used in order to detach the droplet to complete the metal transfer. Vaporization occurs
under high Aerage and results in fumes. More critically, the arc pressure is proportional
to the square of the Aerage [4]. The high arc pressure may blow liquid metal away from
the weld pool. For full penetration application where the work-piece has to be fully
penetrated through the entire thickness, the high arc pressure may easily cause burnthrough. This is the major reason why the less productive GTAW process, whose Aerage
can be set at whatever level needed, has to be used for the root pass in full penetration
applications.
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An improved method of gas metal arc welding (GMAW) is developed in Center of
Manufacturing at University of Kentucky [27-28, 71]. The method includes utilizing a
pulsed current having a variable waveform to ensure the detachment of one-droplet-perpulse of current. During the welding process, the current is sufficient to produce a droplet
at the end of a consumable electrode wire. After the droplet reaches a desired size, the
current is lowered to induce an oscillation in the droplet. The current is then increased
which, in combination with the momentum created by the oscillation, effects droplet
detachment. The oscillation may be monitored by observing the arc voltage to determine
a preferred detachment instant. A computer implemented method allows for the adaptive
control of the current waveform to accommodate for anticipatable variations in the
welding conditions, while maintaining ODPP transfer and a constant pulse period.
Methods

based

on

mechanically

assisted

droplet

transfer

have

also

been

proposed/developed to produce the spray transfer below the transition current [72-73] but
the torch size and weight are greatly increased resulting in a special and costly equipment
that is not suitable for other applications. Ultrasonic GMAW is recently developed to
control metal transfer. However, a high ultrasonic power will be used and the process
stability should be further developed.
To sum up, aforementioned methods are “neat” using smart approaches to resolve
different issues and difficulties but being “neat” also restricts their applications in wider
ranges. Toward the development of a more general method, the laser enhanced GMAW
has been proposed and developed in this dissertation. It adds a relatively low power laser
to a conventional GMAW and the objective is to provide an auxiliary force to help detach
the droplet at a desired diameter with any desired current that most suits for the
application including future adaptive control applications where the current needs to be
adjusted freely as determined by the control algorithm.

Copyright © Yi Huang 2011
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CHAPTER 3 PRINCIPLES OF LASER
ENHANCED GMAW AND EXPERIMENT
SYSTEM
Laser enhanced GMAW is proposed and developed by adding a low power laser to
generate an auxiliary detaching force. To obtain a stable process, experiment system
should be constructed properly, and welding parameters should be selected in a
reasonable range.

3.1 Principle and System Construction
3.1.1 Principle of Laser Enhanced GMAW
Fig. 1-1 shows the principle of the Laser Enhanced GMAW proposed. A laser beam aims
to the droplet. The intention is to detach the droplet using the laser recoil pressure as an
auxiliary detaching force to compensate for the lack of the electromagnetic force
associated with relatively small amperage that is needed for a particular application,
rather than to provide an additional heat to speed the melting of the wire. The associated
additional heat from the laser should be insignificant in comparison with that of the arc
used.
It should be mentioned, although the Laser Enhanced GMAW also applies a laser beam
into GMAW process, it is different from the Laser-GMAW hybrid process [8-15, 36-40]
where a laser of significant power enhances the results of the arc in the weld pool. To this
end, the laser in the hybrid process interacts with the GMAW process and is applied
either at the arc or in the weld pool as shown in Fig. 2-6. Hence, the proposed Laser
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Enhanced GMAW is different from the hybrid laser-GMAW process in both operation
principle and objective.
3.1.2 System Construction
Fig. 3-1 shows important parameters that specify a realization of Laser Enhanced
GMAW system developed to prove the concept. To conduct the Laser Enhanced GMAW
process in an expected way, parameters need to be set appropriately. In this dissertation,
the GMAW torch and the laser head do not move. The work-piece moves at a constant
speed. The direction of this movement will be perpendicular to plane shown in the Fig. 31 (a). The camera was also placed in this direction with a distance about 1.2 m from torch.
Contact tube-to-work-piece distance: In conventional GMAW, it plays a role in
determining the stability of the process. In Laser Enhanced GMAW, a too small 𝑑1 would

make it difficult to install other components. Experimental results suggest that 𝑑1 be set
around 20 mm.

Angle between Laser Beam to GMAW torch: 𝜃 determines the orientation of the laser

recoil force as a vector in relation to other forces and its component/projection as the
effective detaching force. It also affects the compactness and realizability of possible
future system for industry use. While a large angle would reduce the effective detaching
force along the wire axis and affect the compactness of the system, a small angle would
require the gas nozzle to be modified such that the laser can reach the droplet. In this
feasibility study, the nozzle is not modified and the angle is selected to be around 60
degree for easy installation at the expenses of reducing system compactness.
Another important parameter is the distance from the point where the laser intersects the
wire axis and is denoted as (𝑑2 ) in Fig. 3-1. As the laser beam must be applied onto the

droplet to detach, a high speed camera was first used to record conventional GMAW
process and then the recorded video was analyzed.
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Fig. 3-1 System installation
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The Thermal Arc® EXCEL-ARC® 8065 CC/CV weld power supply is used in this
research as the welding power. It is a combination stick and wire machine in one case.
The digital meter is standard for preset welding conditions. A locking switch keeps the
machine locked into the CC or CV mode, preventing any chance of slipping into a
different mode while welding. The welder power supply could provide 600A/44V (CC
mode) at 60% duty cycle or 650A/44V (CV mode) at 100% duty cycle. There is a remote
connector for remote control, and the welding voltage/current waveform could be
monitored and controlled by PC computer.
A high speed camera was used to capture the video of the welding process for off-line
analysis. Fig. 3-2 shows the high speed camera used that is capable of recording the metal
transfer at 33,000 frames per second. A band-pass filter centered at 810±2 nm with full
width at half maximum 10±2nm was used to observe the process and record the images.
All images presented in this study were recorded using the high speed camera shown in
Fig. 3-2 with this band-pass filter.

.
Fig. 3-2 Olympus i-speed high speed camera
Choice of Laser: As the laser is supposed to point to the droplet rather than the weld pool,
the focal zone of the laser should be not much larger than the diameter of the wire. In this
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study, the diameter of the wire is 0.8 mm and the diameter of droplet may be just slightly
greater. The laser should thus be selected accordingly. For the research purpose in this
dissertation, the efficiency of the laser is not a primary concern and the use of a laser of
larger power and larger focal zone should not affect the effectiveness of the experimental
results. The University of Kentucky Welding Research Laboratory possesses a Nuvonyx
Diode laser ISL-1000L whose focal beam dimension is 1 mm × 14 mm and wavelength is
808 nm. When this laser is used, only less than 1/14 of the laser beam can be applied onto
the droplet to generate the recoil force to detach the droplet.
Fig. 3-3 shows the arrangement of the laser in relation with the torch. In this experimental
setup, the laser beam is aligned with the wire. In order to protect the end of laser from
contamination of possible fumes, a shielding board (not shown in Fig. 3-3) is added
between the laser and torch and the laser is projected through a hole on the shielding
board to the wire.

Fig. 3-3 Installation of GMAW and Laser (the shielding board is not shown in the picture)
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3.2 Sensing system
Experimental data is collected through sensing system via several sensors to data
acquisition board, meanwhile the control signals should be sent to experiment system to
conduct the welding process. The sensing and control system includes the hardware and
software system.
3.2.1 Hardware to build sensing and control system
(1) Welding current:
The metal transfer and wire melting are mainly determined by the welding current, and it
should be monitored. In this research, a CLN-500 closed loop Hall Effect current sensors
are used to monitored the current value. CLN-500 current sensor has a nominal current of
500A rms with a measuring range of 0 to ±1200A. The accuracy at 25ºC is ±0.5% of the
nominal current and response time is less than 1µs . The welding current is also measured
from the 19-pin connector at the back of the welder power supply. Experiment results
show that the welding currents from these two methods are almost the same.
(2) Welding Voltage:
Welding voltage influences the arc length, wire extension, etc. To monitor and control
welding voltage is very important to obtain stable welding process. The self-made divider
circuit is used to monitor the welding voltage. Similar as the welding current, the welding
voltage can also be measured from the output of 19-pin connector at the back of the
welder power supply. The two results are almost the same.
(3) Isolation Module
There are some noises when monitoring the welding voltage and current. Considering the
fluctuation of electric network, isolation module should be adopted in the experiment
system. The SCM5B41-02 input isolation module from Dataforth Company is used in the
research. SCM5B41 wide bandwidth voltage input module provides a single channel of
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analog input which is Alified, isolated, and converted to a high level analog voltage
output. This voltage output is logic-switch controlled, allowing these modules to share a
common analog bus without the requirement of external multiplexers. The SCM5B49
output isolation module from Dataforth Company is used in the research. Each
SCM5B49 voltage output module provides a single channel of analog output. The trackand-hold circuit in the input stage can be operated in a hold mode where one DAC can
supply many output modules, or a track mode where one DAC is dedicated to each
module. In addition to the track-and-hold circuit, each module provides signal buffering,
isolation, filtering, and conversion to a high-level voltage output.
(4) Data Acquisition Board
In this research, the experiment data should be collected at 1k Hz (at least). The output
signals should be at least at 1k Hz. In this research, the PCI-DAS 1602/12 from
Measurement Computing Company is adopted. The PCI-DAS 1602/12 multifunction
analog and digital I/O board sets a new standard for high performance data acquisition on
the PCI bus. It has 8 differential inputs or 16 single-ended 12-bit analog inputs, and the
sample rates could be up to 330 kHz. It has 24 bits of digital I/O. The two FIFO-buffered
12-bit analog outputs have the update rate up to 250 kHz.
(5) Travel Stage
To better record the metal transfer process using high speed camera, the GMAW torch
and laser do not move in this experiment. In this case, a motorized circular guide linear
stage is adopted. It has travel distance about 300 mm, and the travel speed could be up to
25mm/s. The minimum resolution of travel speed could be up to 0.02mm/s.
3.2.2 Software System
Labview 2009 is adopted as the main software to monitor and control the welding
parameters in this research. Labview is a graphical programming environment used to
develop sophisticated measurement, test, and control systems using intuitive graphical
icons and wires that resemble a flowchart. It offers unrivaled integration with thousands
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of hardware devices and provides hundreds of built-in libraries for advanced analysis and
data visualization. Combined with the software from Measurement Computing Company,
the experiment software system is established.

3.3 Experimental Materials and Conditions
The mild steel is adopted as the welding materials in this research. The wire used was
ER70S-6 of 0.8 mm (0.03 inch) diameter. Pure argon was used as the shield gas and the
flow rate was 12L/min (25.4 ft3/h). The travel speed is determined by the objectives of
practical research. For the metal transfer research, experiments were done as bead-onplate at a travel speed 6.6 mm/s (15.6 in./min). For the full penetration research, as the
Constant Current (CC) power supply was adopted, the travel speed was an important
parameter to be controlled to achieve the penetration. In this case, the travel speed was
not fixed, and it should be determined by the experiments.

3.4 Summary
The experiment system for the proposed laser enhanced GMAW was realized. Sensing
system was established for the data acquisition and signal outputs. High speed camera
was used to record metal transfer process for the later analysis. This platform satisfies the
requirements of this research.

Copyright © Yi Huang 2011
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CHAPTER 4 METAL TRANSFER
PHENOMENON IN LASER ENHANCED
GMAW
Laser enhanced GMAW is a recent modification of conventional GMAW by applying a
relatively low power laser to the droplet. An auxiliary detaching force was generated, and
the electromagnetic force needed to detach droplets, thus the current that determines this
force, is reduced. In this case, metal transfer type would be changed.

4.1 Theories of Metal Transfer
In GMAW, the electrode wire melts forming a droplet at its end and the droplet
eventually transfers into the base metal. This periodical metal melting and droplet
forming, growing, detaching, and traveling process is traditionally referred to as the metal
transfer process. A good understanding of this metal transfer process and its mechanism
plays a fundamental role in effectively using/improving this welding process for
production of better welds at higher productivity and has thus been an active area of
research and development in welding community [5, 7, 20-32, 41-75].
There are two main well quoted theories of metal transfer, and they are force balance
theory and the pinch instability theory. To better understand the metal transfer
phenomenon in laser enhanced GMAW, both the two theories will be illustrated.
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4.1.1 Force Balance Theory
In force balance theory, the droplet detaches when the detaching forces on the droplet
exceed the static retaining force. In conventional GMAW, the major forces acting on the
droplet include the gravitational force, electromagnetic force (Lorentz force),
aerodynamic drag force, surface tension, and momentum force [20-25, 76]. In Laser
Enhanced GMAW, a laser is applied and an additional force is introduced as shown in
Fig. 4-1. Considering the momentum of the droplet, the dynamitic-force balance theory
(DFBM) [77] is proposed to conduct preliminary analysis of the forces for the laser
enhanced GMAW.

Frecoil force

Fσ
Fd

Fg
Fem

Fm

Work-Piece
Fig. 4-1 Major forces acting on the droplet in Laser Enhance GMAW
The surface tension force, which acts to retain the droplet on the electrode, can be
expressed by
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𝐹𝜎 = 2𝜋𝑟𝑤 𝜎

(4-1)

where 𝑟𝑤 is the electrode radius, while 𝜎 is the surface tension coefficient.

The gravitational force due to mass of droplet, which will be a detaching force, can be

expressed as
4

𝐹𝑔 = 𝑚𝑑 𝑔 = 𝜋𝑟𝑑 3 𝜌𝑔
3

(4-2)

where 𝑚𝑑 is the mass of the droplet, 𝑟𝑑 is the droplet radius, 𝜌 is the droplet density, and
𝑔 is the acceleration of the gravity.

The shielding gas covers the arc region and protects the arc and the work-piece from
contamination. In GMAW, the shielding gas passes around the drop and exerts a
detaching force on the droplet, and it is referred as aerodynamic drag force. In GMAW,
the contribution from aerodynamic drag on the drop can be approximated by a force
acting on a spherical object immersed in a uniform velocity fluid stream. The
aerodynamic drag force can be expressed as
1

𝐹𝑑 = 𝐶𝑑 𝐴𝑑 𝜌𝑝 𝑣𝑝2
2

(4-3)

where 𝐶𝑑 is the aerodynamic drag coefficient, 𝐴𝑑 is the area of the drop seen from above,
𝜌𝑝 and 𝑣𝑝 are the density and fluid velocity of the plasma.

In GMAW, the mass of the drop changes continuously with the molten metal melted
from the solid welding wire. To consider the change of mass and the speed of metals
added to the droplet and wire feed speed, the momentum is introduced. The momentum
force can be expressed as
𝐹𝑚 = 𝑣𝑒 𝑚̇𝑑

(4-4)

where 𝑣𝑒 is the wire feed speed, 𝑚̇𝑑 is the change of the droplet mass.
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As the welding current flows through the electrode and droplet, electromagnetic force
will be generated and acted on the droplet. The direction of electromagnetic force is
determined by the current pass. A diverging current pass will generate a detaching force,
while a converging current will generate a detaining force. In laser enhanced GMAW,
experiment results show that the arc will climb to the root of the droplet. It indicates that
the electromagnetic force will be a detaching force. The electromagnetic force, 𝐹𝑒𝑚 , is

given by

𝐹𝑒𝑚 =

𝜇0 𝐼 2
4𝜋

�𝑙𝑛

𝑟𝑑

𝑟𝑤

1

sin 𝜃 − −
4

1

1−cos 𝜃

2

+ (1−cos

𝜃)2

𝑙𝑛

2

1+cos 𝜃

�

(4-5)

where 𝜇0 is the magnetic permittivity, 𝐼 is the welding current, 𝜃 is the half-angle
subtended by the arc root at the centre of the droplet.

In conventional GMAW process, the droplet is not detached when the retaining force 𝐹𝜎

is still sufficient to balance the detaching force 𝐹𝑡

𝐹𝑡 = 𝐹𝑔 + 𝐹𝑑 + 𝐹𝑚 + 𝐹𝑒𝑚

In laser enhanced GMAW, the total detaching force 𝐹𝑇 will be expressed by
𝐹𝑡 = 𝐹𝑔 + 𝐹𝑑 + 𝐹𝑚 + 𝐹𝑒𝑚 + 𝐹𝑙𝑎𝑠𝑒𝑟 𝑟𝑒𝑐𝑜𝑖𝑙 𝑓𝑜𝑟𝑐𝑒

(4-6)

(4-7)

When the total detaching force 𝐹𝑇 could balance the surface tension, the droplet will be
detached. However, the laser recoil pressure force 𝐹𝑙𝑎𝑠𝑒𝑟 𝑟𝑒𝑐𝑜𝑖𝑙 𝑓𝑜𝑟𝑐𝑒 is unknown because
there is less accurate calculation theory to achieve this value. In this case, the author
proposes a calculating method to estimate this force which will be discussed in the later
section.
During metal transfer process, the major variables that change or can be changed to affect
the detaching force are the droplet mass and the current as can be seen from Eq. (4-1)-(45). Because the surface tension is the major retaining force and it is fixed for the given
wire, the droplet can only be detached either (1) by waiting for the droplet to grow into a
larger size such that the gravitational force is sufficient to break the balance; (2) by
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waiting for the droplet to touch the weld pool such that an additional detaching force –
surface tension between the droplet and weld pool- be added or (3) by increasing the
current to increase the electromagnetic force. Since neither of these is ideal, a laser is
introduced in this paper to increase the detaching force to a sufficient level. Because this
laser force is controllable through laser intensity/power, droplets may be detached at a
desired diameter at desired amperage.
4.1.2 Pinch Instability Theory
The pinch instability theory was developed from the Rayleigh instability model of a
liquid cylindrical column. It postulates that the pinch force on the liquid column due to
the self-induced electromagnetic force enhances the break-up of the liquid column into
droplets, and the pressure generated in the cylinder by the electromagnetic force should
be balanced by the pressure gradient in the field. This theory is not adopted in this
research, so it will be discussed in detail.

4.2 Preliminary Results of Metal Transfer in Laser Enhanced GMAW
In proposed laser enhanced GMAW, a low power laser was added to generate an
auxiliary detaching force. This novel process is different from the conventional GMAW.
4.2.1 Experimental Conditions
A CV (constant voltage) continuous waveform power supply was used to conduct
experiments. The wire used was ER70S-6 of 0.8 mm (0.03 inch) diameter. Pure argon
was used as the shield gas and the flow rate was 12 L/min (25.42 ft3/h). The work-piece
was mild steel and experiments were done as bead-on-plates at a travel speed 10 mm/s
(24 in./min). In the experiments, the power of the laser was set at 864 W and applied to
the wire continuously. For the wire diameter and material, the transition current for the
spray transfer is approximately 150 A (see table 4.1 in Ref. 1). Table 1 shows a number
of experimental conditions designed to conduct Laser Enhanced GMAW and
comparative conventional GMAW whenever needed. The current shown in the table is
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the actual measurements from the conventional GMAW experiments. It is apparent that
in all experiments, the currents were lower than the transition current that is
approximately 150 A [1] and a short-circuit should be expected in conventional GMAW.
Table 4-1 Experimental conditions and welding currents

Welding current

Experimental
Condition

Voltage (V)

Wire Feeding Speed

Measured in

(inches/min)

Conventional

Number

GMAW (A)

1

29

200

82.6±21.0

2

30

250

98.8±13.0

3

30

300

115.0±8.1

4

30

350

125.0±11.1

5

30.5

400

131.6±9.6

4.2.2 Metal Transfer
In the designed experiments shown in the Table 4-1, the voltage was set approximately at
the same and the wire feed speed was altered. When conventional GMAW experiments
were conducted without the application of the laser, short-circuiting transfer and spatters
were observed for all conditions in Table 4-1.
A band-pass filter centered at the laser waveform 808 nm was used to observe the process
and record the images. All images presented in this study were recorded using the high
speed camera shown in Fig. 3-2 with this band-pass filter. Fig. 4-2 is an image series, at
3000 frames per second, that demonstrates the metal transfer process under experimental
condition #2 without the laser. In this series, Fig. 4-2 (c) clearly shows that the droplet
does touch the weld pool. From Fig. 4-2 (d), spatters are seen clearly. Hence, the metal
transfer is at the short-circuiting mode. This was because 𝐹𝑇 is smaller than the maximum
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retaining force that can be provided by 𝐹𝜎 in the whole process before the droplet torches

the weld pool. It is apparent that the current smaller than the transition current is the
cause.

Droplet

a

b

c

d

e

f

Weld pool

Fig. 4-2 Metal transfer process during conventional GMAW under experimental condition
#2 (without laser). Consecutive images in the figure were acquired at 3000 frames per
second.
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Fig. 4-3, Fig. 4-4, Fig. 4-5, Fig. 4-6, Fig. 4-7 show the metal transfer processes when the
Laser Enhanced GMAW process was performed using the experimental conditions given
in Table 4-1.

Droplet

a

b
Droplet

d

c
Droplet

Droplet

e

Droplet

f

Droplet

Fig. 4-3 Metal transfer in Laser Enhanced GMAW at experimental condition #1.
Consecutive images in the figure were acquired at 3000 frames per second
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Fig. 4-4 Metal transfer in Laser Enhanced GMAW at experimental condition #2.
Consecutive images in the figure were acquired at 3000 frames per second
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Fig. 4-5 Metal transfer in Laser Enhanced GMAW at experimental condition #3.
Consecutive images in the figure were acquired at 3000 frames per second
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Fig. 4-6 Metal transfer in Laser Enhanced GMAW at experimental condition #4.
Consecutive images in the figure were acquired at 3000 frames per second
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Fig. 4-7 Metal transfer in Laser Enhanced GMAW at experimental condition #5.
Consecutive images in the figure were acquired at 3000 frames per second
In all images, the weld pool surface illuminated by the laser beam was clearly shown as a
bright line. As can be seen, the metal transfer in all experimental conditions changed to
the spray transfer and the droplet detached from the wire before touched the weld pool.
In particular, a direct comparison can be made between Fig. 4-4 and Fig. 4-2 that were
both conducted using experimental conditions #2 in Table 1. Because of use of the laser,
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the metal transfer changed from the short-circuiting transfer in Fig. 4-2 to the spray
transfer in Fig. 4-4.
Each image series in Fig. 4-3 to Fig. 4-7 represents a complete transfer cycle under the
respective conditions. Each first image represents the beginning of a metal transfer cycle.
As the droplet grows, the gravitational force increases. The cross section of the laser
beam intercepted by the droplet increases as the droplet thus grows. Because the intensity
of the laser on the cross section is independent from the droplet, the recoil pressure of the
laser acting on the droplet increases. As a result, the auxiliary force applied by the laser
on the droplet and the gravitational force both increase. On the other hand, the surface
tension as can be seen in Eq. (4-1) is approximately constant when the droplet grows.
Hence, as the droplet grows, the detaching force increases but the retaining force remains
approximately constant. As a result, once the sum of the detaching force becomes larger
than the sum of the retaining force, the droplet is detached. Because the droplet is
detached in all conditions listed in Table 4-1 before it may touch the weld pool, the
auxiliary detaching force introduced by the laser is sufficient to implement the Laser
Enhanced GMAW for the conditions listed in Table 4-1. Because the laser is applied
continuously, the detachment of the droplet appears to be natural result of the balance of
the forces. Because of possible variation in other forces, the diameter of the droplet being
detached is not accurately controlled. To control the droplet diameter, the laser can be
pulsed and be applied when the droplet needs to be detached. The control of the droplet
diameter exceeds the scope of this present work.
4.2.3 Current Waveforms
Fig. 4-8 is the measured current waveforms for Laser Enhanced GMAW experiments
conducted using the conditions in Table 4-1. Observation of these current waveforms
shows that the current waveforms become less fluctuating when the wire feed speed or
the current increases. This can also been seen from the right column in Table 4-1.
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Fig.4-8 Current waveforms in Laser Enhanced GMAW experiments: a) Experiment #1, b)
Experiment #2, c) Experiment #3, d) Experiment #4, and e) Experiment #5

54

140

Welding Current(amps)

120

100

80

60

40

20
0

2

4

6
time(sec)

8

10

12

c) Experiment #3

160

Welding Current(amps)

140
120
100
80
60
40
20
0

2

4

6

8
time(sec)

10

12

14

d) Experiment #4
Fig.4-8 Current waveforms in Laser Enhanced GMAW experiments (Continued)
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Fig.4-8 Current waveforms in Laser Enhanced GMAW experiments (Continued)
As analyzed above, the detachment of the droplet under a continuous laser application is
a natural result of the balance of the force. When the current increases, the
electromagnetic force increases at least quadratically with the current as initially
suggested by
𝐹𝑒𝑚 =

𝜇0 𝐼 2 1
4𝜋

𝑟

� + 𝑙𝑛 𝑖 �
2

𝑟𝑢

(4-8)

Further, the exit radius of the current path, i.e., 𝑟𝑖 also increases as the current increases

as the arc will climb toward the neck of the droplet. Hence, the electromagnetic force
increases rapidly as the current increases. On the other hand, the surface tension does not
change and the vapor jet force at most increases proportionally. Hence, the detaching
force increases much faster than the retaining force as the current increases. The
gravitational force needed to break the balance reduces. Hence, the droplet is detached at
smaller diameters when the current increases in the continuous Laser Enhanced GMAW.
Further, the melting speed also increases such that the period of the metal transfer is thus
reduced fast. As a result, the arc length and wire extension are subject to smaller
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fluctuations and variations. The current waveform thus becomes less fluctuating. To
control the transfer period, droplet diameter and current fluctuation, laser pulses can be
applied whenever the detachment is needed.
Fig. 4-9 is the recorded current waveform in an experiment conducted using condition #4
in Table 1. From t = 1 s to t = 7 s, no laser was applied and the process was conventional
GMAW. After t = 7 s, the laser was applied and the process was the continuous Laser
Enhanced GMAW. As can be seen, the current fluctuation was significantly reduced after
the laser was applied due to that the transfer changed from the short-circuiting to spray
transfer. The variance of welding current before 7 seconds was 369.21 𝐴2 , and
dramatically reduced to 91.22 𝐴2 after t=7 s. The standard deviation reduced from 19.21

A to 9.55 A after t=7 s.
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Fig. 4-9 Comparative conventional and Laser Enhanced GMAW using condition #4. The
average current does not change significantly. This implies that the heat applied by the
laser to the wire is insignificant for wire melting
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4.2.4 Process Parameters
Welding voltage and wire feed speed are two important process parameters in addition to
the laser used and the wire diameter and material.
When others parameters are the same, increasing the voltage would increase the arc
length and thus allow the droplet to grow for a longer time into a larger volume. Also,
when the contact-tube-to-work distance is given, the wire extension will be reduced due
to the increased arc length. As the wire extension reduces, the resistive heat will reduce.
For small diameter wires, such a reduction could be significant. As a result, for the same
wire feed speed, the current will increase. Because the electromagnetic force as a
detaching force increases faster than a quadratic speed as the current increases, the
increase in the detaching force would be significant. The increased gravitational force
and electromagnetic detaching force would reduce the transition current. For the
experimental condition #4 in Table 4-1, if the voltage is changed to 34 V, the metal
transfer will become spray mode without the application of a laser. Similarly for Laser
Enhanced GMAW process, the voltage setting would also affect the metal transfer in a
similar way. For the same laser, when the voltage is reduced, the transfer could be
changed from a spray to short-circuiting. However, in principle, it may typically be
possible for the Laser Enhanced GMAW to assure a spray transfer by increasing laser
power. A pulsed laser of relatively high peak power is thus appropriate for the Laser
Enhanced GMAW.
Because the wire feed speed is the major parameter to determine the current and thus the
electromagnetic force, it plays a critical role in determining the laser power/intensity
needed to assure the spray transfer. When the laser power/intensity and other welding
parameters including the wire diameter/material and arc voltage setting are given, the
droplet diameter and transfer frequency in the continuous Laser Enhanced GMAW are
primarily determined by the wire feed speed. As shown in Fig. 4-10, when increasing the
wire feed speed from 200 to 400 inches per minute, the welding current increases
approximately linearly from 82.6 A to 131.6 A. However, because the electromagnetic
force as a detaching force increases faster than a quadratic speed, the needed gravitational
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force to break the force balance decreases rapidly. As a result, the time needed in each
cycle to detach the droplet (i.e., the metal transfer time) decreases rapidly.
There is another important change when wire feed speed increases. When the wire feed
speed is 350 or 400 inches per minute, as shown in Fig. 4-6 and Fig. 4-7, the pinch effect
could be observed between the droplet and the solid wire. This pinch effect is also
demonstrated in Fig. 4-11. However, as can be observed from Fig. 4-5, Fig. 4-6, and Fig.
4-7, when the wire feed speed is lower than 300 inches per minute, the pinch effect was
not obvious.
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Fig. 4-10 Effect of wire feed speed on current and droplet transfer time in Laser Enhanced
GMAW
4.2.5 Analysis of Laser Effect
The first question that needs to be answered through analysis is how the laser affects the
metal transfer. To this end, the actual laser power applied on the droplet can be estimated
first. Because the laser beam dimension is 1 mm × 14 mm and the diameter of the droplet
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can be assumed to be not greater than 1.2 mm, the actual incident power of the laser
applied on the droplet should be less than 70 W. Then taking experimental condition #4
in the Table 1 as an example one may extend an analysis as follows:

Fig. 4-11 Pinch effect in the Laser Enhance GMAW process
When the voltage was set at 30 V, the metal transfer without an application of the laser
was short-circuiting and the current was 125 A approximately. When the laser was
applied, the current was still 125 A approximately but the metal transfer changed to spray
mode. Because the heat applied onto the droplet by the laser is insignificant in
comparison with that of the arc, the change of the metal transfer must be primarily due to
the force rather than the heat generated by the laser spot. In fact, in comparison with the
anode arc power that melts the wire, the laser power is approximately its 4.6 percent (70
W over 125 A of current multiplied 12 V of estimated anode voltage). Due to the
specular reflection of the droplet surface, no more than 50% of the incident laser power
should be absorbed. That is, the application of the laser should only increase the heat by
2.3%. Unfortunately, even when the current (thus anode heat) increases 15% from 120 A
to 138 A, the metal transfer would still not be the spray transfer. Hence, it is the force
rather than the heat that effectively changed the metal transfer from the short-circuiting to
the spray transfer during Laser Enhanced GMAW.
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Secondly, how the laser force is produced needs to be understood. Basically, the pressure
imposed by the laser on the droplet can be considered to have two major components:
radiation pressure and recoil pressure. For the laser radiation pressure, previous studies
have obtained clear results/conclusions. The radiation pressure (𝑃) of a normally incident
𝑐𝑤 light imposed on a macro-object with a plane surface can be expressed as [78]
𝑃 = 𝐼(1 + 𝑅)/𝑐

(4-9)

where 𝑐 is the speed of the light, 𝑅 is the reflectivity of the illuminated surface, and 𝐼 is

the intensity of the light. However, the radiation pressure on the object (droplet in our
case) is very insignificant in comparison with the recoil pressure. For exAle, for a 100 W
laser with 1 mm spot and 𝑅 = 0.8, the radiation force calculated from Eq. (4-9) is in the

order of 10-7N while the surface tension needed to be overcome to detach the droplet is at
the order of 4×10-3 N [79].
For the recoil pressure acting on a substrate during intense laser evaporation, Ref. 80
gave:
−1/2

𝑃𝑟 = 𝐴𝐵0 𝑇𝑠

exp (−𝑈/𝑇𝑠 )

(4-10)

where 𝐴 is a numerical coefficient, 𝐵0 is a vaporization constant, 𝑇𝑠 is the surface

temperature, and 𝑈 = 𝑀𝑎 𝐿𝑣 /(𝑁𝑎 𝑘𝑏 ). Here 𝑀𝑎 is the atomic mass, 𝐿𝑦 is the latent heat of
evaporation, 𝑁𝑎 is Avogadro’s number, and 𝑘𝑏 is the Boltzmann’s constant. This

equation is relatively complicated and Ref. 81 gave a simpler expression:
𝑃𝑟 = (𝑃/𝐴)2 /𝜌𝐸

(4-11)

where 𝑃/𝐴 is the power density of the laser, 𝜌 is density of the vapor, and 𝐸 is the energy

needed to evaporate 1 kg metal. As its authors indicated [81], when the laser intensity is
about 3×106 W/cm2, the recoil pressure will be about 107 Pa.
In the Laser Enhanced GMAW process, as 𝐹𝑇 = 𝐹𝑔 + 𝐹𝑑 + 𝐹𝑚 + 𝐹𝑒𝑚 + 𝐹 𝑟𝑒𝑐𝑜𝑖𝑙 𝑓𝑜𝑟𝑐𝑒 , a

higher 𝐹𝑇 could be produced by adding a laser beam. . The power intensity of the laser
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used is about 6.17×103 W/cm2 (864 W over the laser dimension 1 mm × 14 mm), the
recoil pressure is at least at the order of 103 Pa. The surface of the droplet intercepting the
laser beam could be estimated at the order of 10-6 m2. In this case, the force generated by
laser recoil pressure will at the order of 10-4 N. It is at the same order of the force to
detach a droplet as aforementioned.

4.3 Conclusions
(1) Droplet detaching theories were reviewed and analyzed, and Dynamic Force Balance
Theory (DFBM) was selected as the main theory to analyze the metal transfer
phenomenon in laser enhanced GMAW;
(2) An experimental system has been established and the feasibility of the novel LaserEnhanced GMAW process was experimentally demonstrated;
(3) The laser aiming at the droplet in Laser-Enhanced GMAW can apply an auxiliary
detaching force without significant additional heat;
(4) Spray transfer was successfully produced at continuous currents in the range from 80
A to 130 A for 0.8 mm diameter steel wire that would produce short-circuiting
transfers in conventional GMAW;
(5) Phenomena observed in Laser-Enhanced GMAW have satisfactorily analyzed by
applying established theories and fundamentals;
(6) Laser recoil pressure force was recognized as the additional detaching force in laser
enhanced GMAW, and it value was estimated based on established physical
fundamentals.

Copyright © Yi Huang 2011
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CHAPTER 5 METAL TRANSFER INFLUENCE
FACTORS IN LASER ENHANCED GMAW
The metal transfer phenomenon was introduced in the former Chapter, and the laser
recoil pressure force was identified as the additional detaching force. To better
understand the metal transfer in laser enhanced GMAW, a systematic series of
experiments should be done to identify the main influence factors to change metal type.

5.1 Basic Analysis of Metal Transfer in Laser Enhanced GMAW
By adding a low power laser onto the droplet, an auxiliary detaching force will be
generated. In this case, the metal transfer type will be changed. There are many factors
which influence the metal process.
A key issue is that how the metal transfers largely depends on the welding current that
also determines other critical parameters including heat input and arc pressure. An
application may require a preferred metal transfer mode that needs to be produced using a
particular welding current while this current may result in a heat input and arc pressure
that are not most suitable for this application.
An exAle of practical value is that many applications prefer the metal transfer to take
place in the spray mode but it requires a current higher than the transition current [1] to
produce in conventional GMAW. In this mode, the arc pressure is [7]
𝑃𝑎 = (𝜇0 𝐽𝑎2 ⁄4)[𝑅𝑎2 − 𝑅2 − 2𝜖0 𝑅𝑐𝑜𝑠(𝜔𝑡)𝑐𝑜𝑠(𝑘𝑧)]

where the arc current density
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(5-1)

𝐽𝑎 = 𝛼𝐼 ⁄(𝛼𝜋𝑅2 (𝛽2 − 1) + 𝜋𝑅2 )

(5-2)

and 𝜇0 is the permeability, 𝑅𝑎 is the arc current radius, 𝑅 is the equilibrium radius of the

droplet, 𝜖0 is the Alitude of the perturbation, 𝜔 is angular frequency, 𝑡 is the time, 𝑘 is a
wave number, 𝑧 represents the axial coordinate of a cylindrical coordinate system, 𝛼 is

the ratio of arc to the liquid current density, 𝐼 is the current, 𝛽 is the ratio of arc to the
liquid radius [7]. It can be seen that the arc pressure is proportional to the square of the
welding current. Increasing the welding current thus increases the arc pressure at higher
ratio. An extremely high arc pressure is often not acceptable for many applications.
The metal transfer process is governed by the forces exerted on the droplet. In dynamiticforce balance theory (DFBM) [25, 77], five major forces were used to analyze the metal

transfer process. Surface tension is the main retaining force to support the droplet, while
the gravitational force, electromagnetic force, aerodynamic drag force, and momentum
force typically tend to detach the droplet. In the short-circuiting transfer mode, the
detaching force, mainly the gravitational force, is not large enough to balance out the
retaining force; the droplet would touch the weld pool. In this case, the merging of the
droplet into the weld pool is critical that determines the production of possible spatters
and the formation of the welds. For the globular transfer mode, as the repelled globular
typically generates severe spatters, only the drop globular transfer may be adopted in
applications. In the drop globular transfer, as the droplet cannot be detached at a
reasonable small diameter, a large and oscillating droplet is expected in conventional
GMAW that causes not only potential arc instability/fluctuation but also uncontrolled
droplet travel directions that directly result in the merging of droplet with the weld pool
at undesired locations to produce poor formations of welds. The drop spray transfer mode
is usually characterized by uniform droplet diameter, regular detachment, directional
droplet transfer, and it is thus widely used in the industry.
The metal transfer in GMAW has been traditionally regarded as a two stage process: first,
a droplet forms at the end of the solid wire under the arc heating effect; second, the
droplet detaches from the end of the welding wire and travels in the arc zone. The
merging of the droplet into the weld pool after the travel in the arc-zone is also a stage in
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the transfer process but has not been much studied. As has been seen above, the merging
is critical as it determines the process stability (short-circuiting transfer) or the capability
to produce good weld formations (drop globular or spray transfer). To emphasize, the
authors add the merging as the third stage for the convenience of analysis in this
dissertation.

5.2 Experiment Conditions to Study Metal Transfer in Laser Enhanced
GMAW
A CV (constant voltage) continuous waveform power supply was used to conduct
experiments. Pure argon was used as the shield gas and the flow rate was 12L/min (25.4
ft3/h). The work-piece was mild steel and experiments were done as bead-on-plate at a
travel speed 6.6 mm/s (15.6 in./min). The wire used was ER70S-6 of 0.8 mm (0.03 inch)
diameter. The distance from the contact tube to the work piece was 20 mm as
aforementioned.
The welding voltage was set at four levels: 26, 28, 30, and 32 V. For each voltage, four
different wire feed speeds, 250, 300, 350, and 400 inches per minute, were used to
produce different welding current levels resulting in 16 sets of experimental conditions.
In all experiments, welding currents were not more than 135 A which will generate shortcircuiting or repelled globular transfer or non-wire-axis drop globular in the conventional
GMAW. The laser beam was continuously applied along the wire (solid and droplet) at
four different levels of laser intensities for each of the 16 experimental conditions: 0, 46
W/𝑚𝑚2 , 54 W/𝑚𝑚2 , and 62 W/𝑚𝑚2 . There were thus totally 64 experiments conducted.
For convenience, the parameters will be presented as a set (wire feed speed, voltage, laser
intensity).
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(b) W.F.S. 300
Fig. 5-1 Welding current under different wire feed speeds and different laser powers: a)
W.F.S. 250, b) W.F.S. 300, c) W.F.S. 350, and d) W.F.S. 400
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(d) W.F.S. 400
Fig. 5-1 Welding current under different wire feed speeds and different laser powers
(Continued)
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Fig. 5-1 shows the mean current measured in all experiments. It can be seen that all the
currents were lower than the transition current that is approximately 150 A [1] for the
wire material and diameter. The current increases significantly as the voltage setting
increases because of the reduced wire extension. However, the effect of the laser on the
current is significant, no more than 5 A.

5.3 Observation and Analysis in Laser Enhanced GMAW
The diameter of the detached droplet is obtained from series of high speed images in this
study. All images presented as series have the dimension scale except for those presented
individually. The time interval of consecutive images in the same series is constant. Fig.
5-2 illustrates the scene in a typical metal transfer image.

Wire

Droplet
Weld Pool
Work-piece

Fig. 5-2 Illustration of metal transfer image
5.3.1 Observations
Fig. 5-3(a) shows a typical metal transfer cycle for the experiment conducted using (wire
feed speed, voltage, laser intensity)=(300 in./min, 30 V, 0). This is a short-circuiting
transfer in which the second and third stages of the metal transfer are combined. From
Fig. 5-1, the current in this experiment is 110 A approximately. In the cycle shown in Fig.
5-3(a), the combined detaching force from the electromagnetic and gravitational force
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was not sufficient enough to balance out the retaining force, i.e., the surface tension
which is determined by the surface tension coefficient and diameter of the wire, before
the droplet touched the weld pool. The transfer was short-circuiting and spatters were
produced. Examination of recorded images during this experiment shows that the shortcircuiting transfer dominated although the globular transfer also occurred occasionally.
Fig. 5-3(b) is a typical metal transfer cycle from the comparative experiment with an
application of the laser at intensity of 62 W/𝑚𝑚2 . As can be seen, the large droplet did

not touch the base metal before detached and there were no spatters produced. This is a
free flight transfer type, and it is Drop Globular according to IIW classification [25, 30].

Examination of all images shows that the metal transfer all occurred as drop globular. It
is apparent that it was the laser that made the difference in changing the metal transfer.
As aforementioned, the recoil pressure is the major force the laser applies to the droplet.
Application of a laser beam to a droplet at an appropriate direction as in this study
ensures the recoil pressure to be a detaching force. The added detaching force from the
laser recoil pressure reduces the need from other sources for the detaching force. When
the current thus the electromagnetic force is given, the added detaching force from the
laser recoil pressure reduces the needed gravitational force to balance out the surface
tension. As a result, the needed diameter of the droplet for detachment is reduced. If the
needed diameter is reduced sufficiently such that the droplet can grow to this diameter
before it touches the weld pool, the short-circuiting transfer changes to a free flight
transfer type as observed in Fig. 5-3(b).
For these two comparative experiments, the laser does not change the mean welding
current significantly as can be seen from Fig 5-1 (b). However, as the droplet does not
touch the weld pool, the fluctuation of the welding current is reduced as can be seen in
Fig. 5-4. Further, because the droplet is detached before touching the weld pool, the
average transfer time is reduced from 183.3 ms without laser to 178.3 ms with laser. The
average diameter of droplet decreases from 2.23 mm without laser to 1.89 mm with laser.
The laser thus reduced the needed diameter (weight) of the droplet for detachment and
changed the metal transfer type.
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(a) Without laser

(b) Laser intensity of 62 W/𝑚𝑚2
Fig. 5-3 Typical metal transfer in comparative experiments with and without laser under
(300 in./min, 30 V, 0) and (300 in./min, 30 V, 62 W/mm2 )
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(b) Laser intensity of 62 W/𝑚𝑚2

Fig. 5-4 Current waveforms for (300 in./min, 30 V, 0 W/mm2 ) and (300 in./min, 30 V, 62
W/mm2 )

Figs. 5-5, Fig. 5-6, and Fig. 5-7 are typical metal images from other three additional
groups of comparative experiments using other different wire feed speeds also at 30 V of
voltage setting. Because of the changes in the wire feed speed, the mean current varies
from experiment to experiment (shown in Fig. 5-1 (a), (c) and (d)).
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(a) Without laser

(b) Laser intensity of 62 W/𝑚𝑚2
Fig. 5-5 Typical metal transfer in comparative experiments with and without laser under
(250 in./min, 30 V, 0) and (250 in./min, 30 V, 62 W/mm2 )
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(a) Without laser

(b) Laser intensity of 62 W/𝑚𝑚2
Fig. 5-6 Typical metal transfer in comparative experiments with and without laser under
(350 in./min, 30 V, 0) and (350 in./min, 30 V, 62 W/mm2 )
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(a) Without laser

(b) Laser intensity of 62 W/𝑚𝑚2
Fig. 5-7 Typical metal transfer in comparative experiments with and without laser under
(400 in./min, 30 V, 0) and (400 in./min, 30 V, 62 W/mm2 )
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First, the typical metal transfer process as shown in Fig. 5-5 (a) and Fig. 5-6 (a) for 250
and 350 in./min without the laser was all the short-circuiting transfer and significant
amount of spatters was produced. When the laser was applied, as can be seen from Fig. 8
(b) and Fig. 5-6 (b), the metal transfer changed to the drop globular transfer and spatters
were not found. As the mean welding current did not increase (Fig. 5-1 (a) and (c)), it
was the authors’ opinion that it was the laser recoil pressure that effectively changed the
type of the metal transfer type. In addition, the changes in the metal transfer resulted in
less fluctuating welding current as shown in Fig. 5-8 and Fig. 5-9 and the metal transfer
process was thus more stable.
Second, when the wire feed speed increased to 400 in./min such that the current increased,
the short-circuiting transfer no longer dominated. Fig. 5-7 (a) shows a consecutive
transfer process where a short-circuiting transfer followed a drop globular transfer. This
was typical in the experiment with 400 in./min without the laser, different from other
experiments in the series at the same voltage but lower wire peed speeds where the
shorting circuiting transfer dominated. The increased mean current was the major reason
for the frequent occurrence of the drop globular transfer but the fluctuation of the welding
current into relatively low levels (see Fig. 5-10(a)) also produced short-circuiting
transfers from time to time. When the laser was introduced, short-circuiting transfers no
longer occurred and transfers became totally free flight ones, as shown in Fig. 5-7(b). The
diameter of droplet became similar as that of the electrode wire and the transfer is close
to the drop spray. As can be seen in Fig. 5-1(d) and Fig. 5-10, the mean current and
current levels did not increase by the laser. It was the laser recoil pressure that effectively
changed the metal transfer mode from a mix of short-circuiting and drop globular to the
drop spray and reduced the fluctuation in the welding current.
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(b) Laser intensity of 62 W/𝑚𝑚2
Fig. 5-8 Current waveforms for (250 in./min, 30 V, 0 W/mm2 ) and (250 in./min, 30 V, 62
W/mm2 )
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(b) Laser intensity of 62 W/𝑚𝑚2
Fig. 5-9 Current waveforms for (350 in./min, 30 V, 0 W/mm2 ) and (350 in./min, 30 V, 62
W/mm2 )
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(b) Laser intensity of 62 W/𝑚𝑚2
Fig. 5-10 Current waveforms for (400 in./min, 30 V, 0 W/mm2 ) and (400 in./min, 30 V, 62
W/mm2 )
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5.3.2 Analysis
As has been observed above, the application of the laser changed the metal transfer. If the
metal transfer in conventional GMAW is short-circuiting, the application of the laser at
the intensity used could change it to the drop globular transfer. (The authors believe that
it may further change to the spray transfer as long as the intensity of the laser is
sufficient.) When a mix of short-circuiting and globular transfers dominates, it may
change to the drop spray even with the laser intensity used. When the drop globular could
be obtained, the laser reduces the diameter of the droplet detached. In all cases, the
diameter of the detached droplets was decreased as further shown in Fig. 5-11. The laser
recoil pressure was identified the major cause of these observed changes.
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Fig. 5-11 Droplet sizes with welding voltage 30 V under different wire feed speeds
To analyze further, let’s recall that in conventional GMAW, the major sources of the
detaching force are the gravitational, electromagnetic, aerodynamic drag, and momentum
forces, while the major retaining force is the surface tension at the interface of the solid
wire and liquid droplet [25, 77]. When the diameter of the wire and material are given,
this surface tension can be considered constant because the temperature at the interface
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aforementioned is the melting point and changes with neither the welding current nor the
application of the laser. When the welding current is lower than the transition current
such that the current exits from the droplet around its bottom, the electromagnetic force
as a detaching force is relatively small. The aerodynamic drag force and momentum force
are typical relatively small and are often negligible in analysis such that there is a need
for a large gravitational force to balance out the surface tension for detachment. In this
case, as shown in Fig. 5-3, Fig. 5-5, Fig. 5-6 and Fig. 5-7, the diameter of droplet is larger
than that of the wire.
More specifically, when the wire feed speed is low, such as 250 to 300 in./min, the
droplet needs to grow sufficiently large to acquire a sufficient mass needed to produce a
sufficient gravitational force to balance out the surface tension. However, before this
large mass is obtained, the droplet touches the weld pool because of the relatively slow
growth (due to the relatively small current and arc heat). The metal transfer is dominated
by the short-circuiting transfer. When the wire feed speed/welding current increases, for
exAle to 350 in./min, such that the welding current and electromagnetic force increases,
the needed mass to balance out the surface reduces. However, if this reduced mass
needed is still not achieved before the droplet touches the weld pool, the transfer will still
be short-circuiting. In Laser Enhanced GMAW, the laser recoil pressure is added to the
detaching force and the needed mass is reduced. If the needed mass is produced before
the droplet touches the weld pool, the metal transfer would change from short-circuiting
to drop globular or effectively reduce the diameter of the droplet detached. As shown in
Fig. 5-11, all the diameters of droplet in Laser Enhanced GMAW are smaller than their
respective counterparts in conventional GMAW. As long as there is a large enough laser
recoil pressure (laser intensity), the drop globular and, the authors believe, drop spray
would be obtained. To verify the latter, a larger intensity laser is needed.
Further, when the wire feed speed further increases, such as to 400 in./min, the transfer
will be dominated by a mix of globular and short-circuiting transfer in conventional
GMAW. For the laser intensity applied, the short-circuiting transfer in conventional
GMAW will change to drop globular in Laser Enhanced GMAW. The drop globular in
conventional GMAW could remain or change to the drop spray. In both cases, the
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diameter of droplet detached reduces in Laser Enhanced GMAW and the drop spray
occurs when the diameter reduces to a level close to that of the wire.

5.4 Laser Intensity
The major parameter of the laser in the Laser Enhanced GMAW is the recoil pressure
that is determined by the laser intensity and the cross section of the droplet that intercepts
the laser. To study the effect of the laser intensity, three levels of laser power have been
used: 645, 754 and 862 W. The laser beam used in this study is 1mm × 14mm. The
corresponding intensity is thus 46, 54 and 62 W/mm2. Because the laser is applied along
the wire axis direction, if the diameter of the droplet is smaller than 1 mm, the
interception area aforementioned increases quadratically with the droplet diameter;
however, for the majority of the experiments studied in this paper, the droplet detached
has a diameter greater than 1 mm and the interception area increases with the droplet
diameter linearly, the interception area increases linearly with the diameter of the droplet.
Fig. 5-12 together with Fig. 5-3 and shows the metal transfer at the different laser
intensity levels for (300 in./min, 30 V, 0-62 W/mm2). When the laser intensity was zero
(Fig. 5-3(a)), the metal transfer was short-circuiting. (For shorting-circuiting transfer, the
diameter of the droplet such as that given in Fig. 5-13 is measured right before the droplet
touches the weld pool.) When it increased to 46 W/mm2, the transfer was a mix of shortcircuiting and drop globular approximately at 50%-50%, but the droplet was typically
detached right before the droplet touches the weld pool. Hence, in Fig. 5-13, its droplet
diameter is the same as that without the laser. (One should note that the diameter of the
droplet detached under a short-circuiting condition differs from that under a drop globular
transfer. Hence, the same droplet diameter observed in Fig. 5-13 for without laser and
laser intensity= 46 W/mm2 is reasonable.) When the laser intensity increased to 54
W/mm2, the metal transfer became drop globular (Fig. 5-12); when the laser intensity
further increased to 62 W/mm2, the diameter of the droplet detached further reduced (Fig.
5-3(b)).
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(a) Laser intensity of 46 W/𝑚𝑚2

(b) Laser intensity of 54 W/𝑚𝑚2
Fig. 5-12 Typical metal transfer in comparative experiments with and without laser under
(300 in./min, 30 V, 46 W/mm2 ) and (300 in./min, 30 V, 54 W/mm2 )
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As can be seen in Fig. 5-2(b), the current approximately remained unchanged. The
increase in the laser intensity thus did not increase the electromagnetic force. Fig. 5-13
clearly shows the tendency that the droplet diameter reduces as the laser intensity
increases. The increased laser intensity decreased the need for a larger diameter for a
larger interception area and large mass.
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Fig. 5-13 Droplet diameter with 30 V and 300 in./min under different laser power levels.
The droplet diameter is the mean of the diameter of the droplet that is detached or touches
the weld pool.
Metal transfer images in additional experiments at laser intensity of 46 W/mm2 and 54
W/mm2 are added in Fig. 5-14, Fig. 5-15, and Fig. 5-16 to those previously presented for
laser intensity at zero (without laser) and 62 W/mm2 to form a complete set of data to
examine the effect of laser intensity at 30 V of the voltage setting. The complete set of
data is illustrated in Fig. 5-17 where same tendency how the laser intensity affects the
droplet diameter as in Fig. 5-13 is also observed. However, there are details that deserve
attention and are discussed below.
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(a) Laser intensity of 46 W/𝑚𝑚2

(b) Laser intensity of 54 W/𝑚𝑚2
Fig. 5-14 Typical metal transfer in comparative experiments with and without laser under
(250 in./min, 30 V, 46 W/mm2 ), and (250 in./min, 30 V, 54 W/mm2 )
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(a) Laser intensity of 46 W/𝑚𝑚2

(b) Laser intensity of 54 W/𝑚𝑚2
Fig. 5-15 Typical metal transfer in comparative experiments with and without laser under
(350 in./min, 30 V, 46 W/mm2 ), and (350 in./min, 30 V, 54 W/mm2 )
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(a) Laser intensity of 46 W/𝑚𝑚2

(b) Laser intensity of 54 W/𝑚𝑚2
Fig. 5-16 Typical metal transfer in comparative experiments with and without laser under
(350 in./min, 30 V, 46 W/mm2 ) and (350 in./min, 30 V, 54 W/mm2 )
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Fig. 5-17 Droplet diameter with 30 V under different wire feed speed laser power levels.
The droplet diameter is the mean of the diameter of the droplet that is detached or touches
the weld pool.
Let’s first examine the experiment series associated with 250 in./min, i.e., (250 in./min,
30 V, 0-62 W/mm2), as shown in Fig. 5-5(a), Fig 5-14(a), Fig. 5-14(b), and Fig. 5-5(b). It
is seen that the transfer with 46 W/mm2 (Fig. 5-14 (a)) is a mix of short-circuiting and
drop globular but the droplet diameter is almost the same as the one without laser (Fig. 55 (a)) as can be seen from Fig. 5-17. In these two cases, the laser recoil pressure (if any)
is not large enough to compensate for the lack of gravitational force for a complete free
flight transfer and a relatively large gravitational force is still needed to detach the droplet.
In this mixed mode, short-circuiting transfer dominated but the drop globular transfer
also occurred.
In this series of experiments, an interesting phenomenon can be observed from Fig. 5-5 (a)
and Fig. 5-14(a) that the laser enhanced short-circuiting transfer (Fig. 5-14(a)) still
produced spatters but at a much reduced amount from conventional GMAW (Fig. 5-5 (a)).
Careful observation shows that the short-circuiting time was reduced approximately 20%
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by the laser at the intensity of 46 W/mm2. This may possibly be the cause that reduced
the spatters.
Then examine the experiment series associated with 350 in./min, i.e., (350 in./min, 30 V,
0-62 W/mm2), as shown in Fig. 5-6(a), Fig 5-15(a), Fig. 5-15(b), and Fig. 5-6(b). With
laser intensity of 46 W/mm2 (Fig. 5-15(a)), the drop globular dominated and shortcircuiting transfer seldom occurred. For 54 W/mm2 (Fig. 5-15 (b)), the transfer is a stable
drop globular process but the droplet diameter is larger than that with 62 W/mm2 (Fig. 56 (b)).
For the experiment series associated with 400 in./min, i.e., (400 in./min, 30 V, 0-62
W/mm2), as shown in Fig. 5-7(a), Fig 5-16(a), Fig. 5-16(b), and Fig. 5-7(b). the metal
transfer mode is different from the two aforementioned. As shown in Fig 5-16(a), Fig. 516(b), and Fig. 5-7(b), the metal transfer mode is the drop spray transfer. Increasing laser
intensity, the diameter of droplet will decrease though this change is not obvious.
As summarized in Fig. 5-17, for all the wire feed speeds, the diameter of droplet in each
Laser Enhanced GMAW experiment is smaller than its respective counterpart in
conventional GMAW experiment. If the diameter for an increased laser intensity is the
same with or very close to one for a lower laser intensity (or without laser), they both
must be either short-circuiting or very close to short-circuiting (i.e., the droplet is
detached right before it touches the weld pool). Of course, all these phenomena can be
well explained based on force analysis as has been done earlier.

5.5 Arc Length
The voltage setting on the metal transfer affects the metal transfer through its effect on
the arc length, i.e., increasing/decreasing the voltage increases/decreases the arc length.
The change in the arc length affects the metal transfer through (1) an increased arc length
reduces the wire extension such that the welding current increases when using a constant
voltage power supply as in this study; (2) an increased arc length provides a longer gap to
allow a longer time for a new droplet to develop after a droplet detachment. (This gap,
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the distance from the bottom of the new droplet to the weld pool surface right after a
droplet is detached, is referred to as the development gap hereafter in this study.) In Laser
Enhanced GMAW, an increased laser intensity does not increase the welding current, as
shown in Fig. 5-3. (Instead, it reduces the current slightly). However, when the voltage
increased by 6 V, the welding current increased by 10 to 15 A (shown in Fig. 5-3).
Because the electromagnetic force as a detaching force increases faster than a quadratic
speed as the current increases, the increase in the detaching force would be significant.
Let’s take the experiment series with 350 in./min wire feed speed (Fig. 5-6 and Fig. 5-18)
as an exAle to illustrate how the voltage setting affects the metal transfer. When the
voltage was 26 V, as shown in Fig. 5-18 (a), even if the laser power was 62 W/mm2, the
metal transfer was still short-circuiting. This is because the development gap was short
such that there was no enough time to grow the droplet. As a result, its small gravitational
force together with the detaching electromagnetic force and laser recoil pressure force
was not still sufficient to balance out the surface tension before the droplet touched the
weld pool. When the voltage increased to 28 V (Fig. 5-18 (b)), the development gap
increased for the droplet to grow longer. In addition, the electromagnetic force increased.
However, those increases were still not sufficient and the metal transfer was still shortcircuiting. When the voltage increased to 30 V (Fig. 5-6 (b)), the metal transfer changed
to drop globular. When it further increased to 32 V, the droplet diameter is further
reduced to a level comparable with that of the wire (Fig. 5-18 (c)) due to the increased
current/electromagnetic detaching force.
Fig. 5-19 plots how the droplet size changed with the voltage setting for the experiment
series analyzed above. The observed droplet size increase from 26 V to 28 V was due to
the increased development gap that provided a longer time for the droplet to grow. The
increased electromagnetic force should have tended to help detach the droplet. However,
since the droplet was not detached (still short-circuiting transfer), the electromagnetic
force played no role in determining the droplet size. Hence, it was the increased
development gap that contributed to increasing the droplet size before short-circuiting.
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(a) Voltage of 26 V

(b) Voltage of 28 V
Fig. 5-18 Typical metal transfer in comparative experiments with laser under (350 in./min,
26 V, 62 W/mm2 ), (350 in./min, 28 V, 62 W/mm2 ) and (350 in./min, 32 V, 62 W/mm2 )
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(c) Voltage of 32 V
Fig. 5-18 Typical metal transfer in comparative experiments with laser under (Continued)
The droplet size decreases when increasing from 28 V to 30 V and from 30 V to 32 V
were both due to the respective increase in the current/electromagnetic force and the
increased development gap played no role in resulting in this decrease. The laser may
only help reduce the droplet size further or affect help the transfer to change from shortcircuiting to drop globular or drop spray.
Similar analysis can be done to understand how the voltage affects the metal transfer
process for other wire feed speeds such as for 400 in./min wire feed speed (Fig. 5-7 and
Fig. 5-20). Despite the change in the current that directly affect the electromagnetic force,
the voltage setting still affects the metal transfer through its associated current change
and development gap change.
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Fig. 5-19 Droplet sizes with welding feed speed 350 in./min under different voltages
In summary, a higher voltage setting increases the current and development gap. The
increased development gap may help change the metal transfer from short-circuiting to
drop globular or even drop spray but it plays neither role in affecting the size of the
droplet detached under free-flight transfers nor role in changing the transfer from drop
globular to drop spray. The increased current affects the metal transfer by increasing the
electromagnetic detaching force.

5.6 Laser Recoil Pressure Force Estimation
In laser enhanced GMAW, estimating the laser recoil pressure is a key issue for the
further feedback control of this process. To better understand the physics fundamentals of
the method, the forces affecting metal transfer are analyzed first. It is well known that in
conventional GMAW, the major forces acting on the droplet include the gravitational
force, electromagnetic force (Lorentz force), aerodynamic drag force, surface tension,
and momentum force [20-25].
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(a) Voltage of 26 V

(b) Voltage of 28 V
Fig. 5-20 Typical metal transfer in comparative experiments with laser under (400 in./min,
26 V, 62 W/mm2 ), (400 in./min, 28 V, 62 W/mm2 ) and (400 in./min, 32 V, 62 W/mm2 )
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(c) Voltage of 32 V
Fig. 5-20 Typical metal transfer in comparative experiments with laser under (Continued)
In Laser Enhanced GMAW, a laser is applied and an additional force is introduced as
shown in Fig. 4-1. To be simple, the dynamic-force balance theory (DFBM) [20-25, 77]
is used in this paper to conduct preliminary analysis of the forces for the Laser enhanced
GMAW.
In laser enhanced GMAW, the total detaching force 𝐹𝑇 will be expressed by
𝐹𝑡 = 𝐹𝑔 + 𝐹𝑑 + 𝐹𝑚 + 𝐹𝑒𝑚 + 𝐹𝑙𝑎𝑠𝑒𝑟 𝑟𝑒𝑐𝑜𝑖𝑙 𝑓𝑜𝑟𝑐𝑒

(5-3)

When the total detaching force 𝐹𝑇 could balance the surface tension, the droplet will be

detached. However, the laser recoil pressure force 𝐹𝑙𝑎𝑠𝑒𝑟 𝑟𝑒𝑐𝑜𝑖𝑙 𝑓𝑜𝑟𝑐𝑒 is unknown because
there is less accurate calculation theory to achieve this value. In this case, the author
proposes a calculating method to estimate this force.
As the radius of welding wire and surface tension coefficient are constant, the surface

tension is fixed and it indicates that the retaining force keeps constant. To calculating
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aerodynamic drag force, the area of the drop seen from above 𝐴𝑑 should be calculating
first. 𝐴𝑑 can be given by

𝐴𝑑 = 𝜋(𝑟𝑑2 − 𝑟𝑤2 )

(5-4)

Take the case (Wire feed speed at 300 in./min, laser power intensity at 62 W/mm2 and
welding voltage at 30V) as an exAle to analyze this force. The experiment results (shown
in Fig. 5-11) shows that the largest radius of droplet with these welding parameters is
about 0.95mm. In this case, the largest aerodynamic drag force is about 8×10-5N. It could
be neglected when estimating the laser recoil pressure. The calculating constants used are
shown in Table. 5-1 [82-85].
Table 5-1 Constants used for laser recoil pressure force estimation
Symbol

Value

Unit

Description

𝐶1

2.885e-10

m /(A s)

Melting Rate Constant

𝐶2

5.22e-10

m3/(A Ω s)

Melting Rate Constant

𝑟𝑤

0.0004

m

Wire Radius

𝑣𝑝

10

m/s

Relative fluid to drop velocity

𝐶𝑑

0.44

𝜌𝑝

1.6

Kg/m3

Plasma density

𝜌𝑟

0.7836

Ω/m

Resistivity of the electrode

𝜌𝑤

7860

Kg/m3

1.25664e-6

(kg m)/(A s )

Permeability of free space

𝜎

1

N/m2

Surface Tension Coefficient

𝜇0

3

Drag coefficient

Electrode density
2 2

To estimate the momentum force, as the wire feed speed is a constant, the change of the
droplet mass 𝑚̇𝑑 should be estimated first. 𝑚̇𝑑 can be expressed by
𝑚̇𝑑 = 𝜋𝜌𝑤 (𝐶1 𝐼 + 𝐶2 𝜌𝑟 𝑙𝑠 𝐼 2 )
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(5-5)

By calculating, it is found that the maximum momentum force is around 5×10-5N. It
could be also neglected when estimating the laser recoil pressure force.
To estimate the electromagnetic force, similar as the definition in Ref. 20, 𝑓2 is defined as
1

𝑓2 = 𝑙𝑛 sin 𝜃 − −
4

1

1−cos 𝜃

2

+ (1−cos

𝜃)2

𝑙𝑛

2

1+cos 𝜃

(5-6)

In this case, the electromagnetic force could be expressed as
𝐹𝑒𝑚 =

𝜇0 𝐼 2
4𝜋

�𝑙𝑛

𝑟𝑑

𝑟𝑤

+ 𝑓2 �

(5-7)

In the laser enhanced GMAW, the half-angle subtended by the arc root at the centre of
the droplet 𝜃 is in the range from 90o to 150o [20-25]. As shown in Fig. 5-21, the value

of 𝑓2 does not change significantly when the half-angle varies from 90o to 150o . So the
selection of half-angle will not influence the estimating results. Let’s recall the exAle
case to analyze. As the mean welding current is a constant, the electromagnetic force will
not change significantly in a certain time interval between the moment with and without
laser.
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Fig. 5-21 Variation of f2 as the function of half-angle θ
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As Fig. 5-11 shown, the diameter of the droplet will reduce when the laser is adopted in
GMAW. As other main detaching force almost keeps the same, the change should be
mainly due to the existence of laser pulse. In this case, the gravitational force value
difference could be considered as the estimating laser recoil pressure force. The
gravitational forces in conventional GMAW and laser enhanced GMAW is shown in Fig.
12. When wire feed speed at 300 in./min, laser power intensity at 62 W/mm2 and welding
voltage at 30V, the value difference of gravitational force is about 1.75×10-4 N.
Considering the estimating errors and other force value changes, the maximum laser
recoil pressure force could be about 2.5×10-4 N.
For the further control consideration, the laser recoil pressure force estimating equation
could be expressed as
𝐹𝑙𝑎𝑠𝑒𝑟 𝑟𝑒𝑐𝑜𝑖𝑙 𝑓𝑜𝑟𝑐𝑒 = η × 𝑟𝑑

(5-8)

where η is the laser recoil pressure force coefficient, and it is about 0.15 to 0.30 N/m.
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Fig. 5-22 Gravitational forces in conventional GMAW and laser enhanced GMAW
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5.7 Conclusions
(1) An experimental system has been established and a series of 64 sets of experiments
have been designed and conducted to symmetrically study the Laser Enhanced
GMAW;
(2) The laser aiming at the droplet in Laser Enhanced GMAW applies an auxiliary
detaching force on the droplet without a significant change in the heat current;
(3) Free flight transfers could be successfully produced at continuous currents from 90 A
to 135 A with a 0.8 mm diameter steel wire without spatters;
(4) Laser enhanced metal transfer process is also governed by the established physics of
metal transfer except for there is a need to include the additional detaching force
generated by the laser;
(5) If the metal transfer is short-circuiting transfer in conventional GMAW, Laser
Enhanced GMAW may change it to drop globular transfer; if conventional and Laser
Enhanced GMAW both produce drop globular, the latter reduces the diameter of the
droplet; if the

metal transfer is short-circuiting or drop globular transfer in

conventional GMAW, Laser Enhanced GMAW may become the drop spray; the
established physics of metal transfer can explain all these changes by counting the
additional detach force introduced by the laser.
(6) Laser intensity and arc voltage are major factors affecting the metal transfer in Laser
Enhanced GMAW.
(7) The enhancement of the laser increases as the laser intensity increases and the droplet
size could be effectively controlled by changing the laser intensity in an appropriate
range.
(8) An increased arc voltage increases the current and can affect the metal transfer
through an increased electromagnetic force.
(9) An increased arc voltage also increases the arc gap and possible time interval for the
droplet to develop to reduce the chances for short-circuiting transfer or repelled drop
globular transfer.
(10)

Droplets can be detached at a given/desired diameter in a reasonable range by

applying an appropriate laser intensity under a given current (arc variable) in a
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reasonable range and the needed laser intensity is determined by the desired droplet
diameter and the used welding current (arc variable).
(11)

The dynamic balance force theory could be used to explain the detaching

phenomenon in laser enhanced GMAW. The gravitational force difference due to the
mass change when laser was adopted could be used to estimate the laser recoil
pressure force, and the result had a reasonable accuracy.

Copyright © Yi Huang 2011
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CHAPTER 6 PULSED LASER ENHANCED
GMAW
In laser enhanced GMAW developed in the former Chapters, a constant low power laser
was applied onto the molten droplet. To better utilize the energy and force from laser,
pulsed laser will be used. Wire melting in laser enhanced GMAW is important for the
future control of the droplet size at given arc variables.

6.1 Laser Enhanced GMAW with Pulsed Laser Power
Adding a lower power laser could change the metal transfer mode in laser enhanced
GMAW. In this case, spatters could be reduced or eliminated, and it will reduce the
clean-up cost after welding and save much metal. In the experimental results
aforementioned, a continuous laser was used to prove this proposal. Actually a
continuous power laser was not necessary in the Laser Enhanced GMAW. From the
former analysis, the laser was only used to generate the recoil pressure as an additional
detaching force which was actually not needed before the detaching instant. To this end,
the laser radiation could be activated onto the droplet only at the moment when the
droplet grew to the desired size. The continuous laser will be replaced with a pulsed laser.
Further smaller laser power energy will be adopted in laser enhanced GMAW.
Fig.6-1 shows the experimental results with welding voltage 30 V and wire feed speed
350 inches per minute. Different from the results shown in Ref. 2, the laser power was
not continuous, but pulsed instead. The frequency was 16 Hz with duty cycle 30%, and
the peak laser power intensity was set as 62 W/mm2 with base intensity was 0. In this
case, when the droplet did not grow to the desired size, not laser was projected onto the
droplet. The wire melts mainly due to resistance heat and arc heat. Because the detaching
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force, mainly electromagnetic force and gravitational force, could not balance the
retaining force, surface tension, the droplet would not detach. When it grew to desired
size, the laser pulse was introduced to generate an additional detaching force exerting
onto the droplet to compensate the lack of detaching force. The droplet would be
detached to realize a free flight transfer instead of short-circuiting transfer. No spatters
were generated in this process. Less electric energy was used, and it also reduced the
clean-up cost after welding. All these properties of laser enhanced GMAW made it a
sustainable future industrial process.

Fig. 6-1 Typical metal transfer in pulsed laser enhanced GMAW
Pulsed laser was adopted in laser enhanced GMAW, and the welding current waveform
was almost the as the one with continuous laser, shown in Fig. 6-2. It also indicated that
the laser did not influence the welding current, but generated an additional detaching
force.

6.2 Laser Enhanced GMAW with Pulsed Laser Power and Welding
Current
When pulsed laser was adopted in the proposed novel laser enhanced GMAW, less laser
power was used. However, as the laser power pulse was not well controlled, the laser
may be not exerted on the suitable instant when the desired droplet was obtained. As CV
welding power source was adopted in this research, the fluctuation of welding current
was expected to occur. In this case, the time to grow a droplet was not consistent. The
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laser pulse duration may be a little long or short. To solve this problem, laser enhanced
GMAW with pulsed welding current and pulsed laser power will be proposed.
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Fig. 6-2 Welding current waveform in pulsed laser enhanced GMAW.
A Constant Current (CC) was adopted in this experiment. The welding current could be
controlled by the remote control of the welder power. The PC controller will send a
pulsed welding current to the welder power, and the welder power will exert a pulsed
welding current to the work-piece. The laser pulse should be combined to the pulsed
welding system, and the two pulses should be active at the same time to ensure maximum
detaching effect on the droplet. Fig. 6-3 shows the welding current waveform and the
laser power intensity waveform. As can be seen, the two pulses were exerted
simultaneously. In this experiment, the base welding current was 118A, and the peak
current was 135A which was below the transition one. The selection of base current was
based on the experiment result shown in Fig. 5-1. The fluctuation of welding voltage was
not large, and the mean welding voltage was about 30V. The relative welding voltage
will ensure the stable of arc length.
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Fig. 6-3 Welding current waveform and laser power intensity waveform in pulsed laser
enhanced GMAW
Although the pulsed welding current is adopted here, this process is still different from
the pulsed GMAW. In traditional pulsed GMAW, the peak welding current will be higher
than the transition one. The base current is used to keep the arc, while the peak current is
used to melt welding wire and detach the droplet. In pulsed laser enhanced GMAW, the
base current is used to melt the welding wire, while the peak current is used to detaching
the droplet. As the electromagnetic force increases quadratically with the increase of
welding current, a slight increase of welding current will cause the increase
electromagnetic force. Combined with laser recoil pressure force, the droplet detachment
will be controlled at an ideal level.
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6.3 Conclusions
Pulsed laser enhanced GMAW was developed. As pulsed laser power was used, it would
save much energy and the droplet detachment will be not affected. The laser pulse and
welding current pulse were activated simultaneously which will ensure the detaching of
droplet.

Copyright © Yi Huang 2011
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CHAPTER 7 CONTROLLED DROPLET
TRANSFER AND FULL PENETRATION
USING LASER ENHANCED GMAW
Laser enhanced GMAW has been well developed and the metal transfer phenomenon was
explained based on the established fundamentals. As the metal transfer is controlled by
the laser recoil pressure force, the formation of welds will be improved. As the heat input
to the work-piece is reduced, full penetration of thin plate could be obtained.

7.1 Controlled Droplet Transfer in Laser Enhanced GMAW
The metal transfer type was changed when laser was introduced to GMAW. The
formation of welds was also improved. The trajectory of droplet is controlled by the laser
beam so that the improved formation of welds broadens the range of application of laser
enhanced GMAW.
7.1.1 Surface Quality
Surface quality is an important aspect to test the reliability of the laser enhanced GMAW.
Three aspects of the surface quality of the welds will be evaluated, and they are the
smoothness of the welds, spatters, and the uniformity of the weld along the welding
direction. The experimental results are shown in Fig. 7-1, Fig. 7-2, Fig. 7-3 and Fig. 7-4.
As 1 inch (25.4 mm) width work-piece was adopted in this research, and no accurate
work plane equipment was used, some welds may not be in the middle of the work-piece.
To the experiment with 250 inches per minute, shown in Fig. 7-1, if no laser in the
GMAW, many spatters will be generated, and no weld will be exactly along the welding
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direction. Ripple weld is the main appearance of the result. In laser Enhanced GMAW,
when voltage is low, although metal transfer mode is still short-circuiting, the amount of
spatters decreases, and all the welds will be along the welding direction. Ripple welds
still exist, but they are smoother than the one without laser.

(a) 26V, 0 W

(b) 26V, 862 W

(c) 28V, 0 W

(d) 28V, 862 W

(e) 30V, 0 W

(f) 30V, 862 W

(g) 32V, 0 W

(h) 32V, 754 W

Fig. 7-1 Surface appearance of the weld beads with 250 in./min under different voltages
and different laser power levels
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Increasing wire feed speed to 300 or 350 inches per minute, as shown in Fig. 7-2 and Fig.
7-3, in conventional GMAW, welds are almost along the welding direction. Spatters are
still severe, and no smooth welds could be acquired. Some welds seem not along the
welding direction. As welding current increases (increasing voltage or wire feed speed),
ripple will gradually disappear, but still there. In laser enhanced GMAW with lower
welding voltage, welder is smoother than the one before. Spatters will be lessened due to
the laser recoil pressure. When the metal mode is changed to projected drop globular,
welds will be much smoother, as shown Fig. 7-2 (f), (h), (i) and Fig. 7-3 (f) (h). The Fig.
7-3 (i) shows the welds with spray metal transfer, and obviously it is the best welds
which could be obtained used the same wire feed speed. No spatter will be generated, and
ripple is almost disappearing.
If the wire feed speed is 400 inches per minute, as shown in Fig. 7-4, all the welds will be
along the welding direction as higher electromagnetic force will be generated. In laser
GMAW, spray transfer will be obtained when voltage is higher than 28 V. Compared to
the welds results from conventional GMAW, weld beads will be smooth and straight. The
appearance looks like the welds which are acquired with welding current more than
transition current, and that is 150 A. In this case, good welds could be acquired at low
welding current, and at the same time droplet size could be controlled by adjusting laser
power and voltage.
7.1.2 Controlled Drop Globular Transfer
In Laser Enhanced GMAW experiments conducted in this study, drop globular is a major
metal transfer mode. The authors found the drop globular transfer with an enhancement
from a laser behaves differently from those without a laser enhancement in conventional
GMAW.
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(a) 26V, 0 W

(b) 26V, 862 W

(c) 28V, 0 W

(d) 28V, 862 W

(e) 30V, 0 W

(f) 30V, 754 W

(g) 32V, 0 W

(h) 32V, 754 W

(i) 32V, 862 W
Fig. 7-2 Surface appearance of the weld beads with 300 in./min under different voltages
and different laser power levels
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(a) 26V, 0 W

(b) 26V, 862 W

(c) 28V, 0 W

(d) 28V, 862 W

(e) 30V, 0 W

(f) 30V, 754 W

(g) 32V, 0 W

(h) 32V, 645 W

(i) 32V, 862 W
Fig. 7-3 Surface appearance of the weld beads with 350 in./min under different voltages
and different laser power levels
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(a) 26V, 0 W

(b) 26V, 862 W

(c) 28V, 0 W

(d) 28V, 862 W

(e) 30V, 0 W

(f) 30V, 754 W

(g) 32V, 0 W

(h) 32V, 645 W

(i) 32V, 862 W
Fig. 7-4 Surface appearance of the weld beads with 400 in./min under different voltages
and different laser power levels
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Fig. 7-5 shows two images in a cycle of drop globular transfer in conventional GMAW
under (400 in./min, 30 V, 0). Fig. 7-5 (a) is the image of the droplet shortly before its
detachment. It is found that the center of the sphere of the droplet is not exactly along the
axis of the wire. In fact, as long as the droplet is not detached, the center of the sphere
oscillates, as shown in Fig. 5-7 (a). The trajectory of the detached droplet is thus not
fixed; it is may not along the axis of the wire and change from cycle to cycle. As a result,
the transverse location where the detached droplet merges with the weld pool is not fixed
and may change from cycle to cycle. The images in Fig. 7-5 (a) and (b) demonstrate this
uncontrollability of the droplet merging location associated with a droplet globular
transfer in conventional GMAW. This type of drop globular is referred to as uncontrolled
drop globular transfer in this study.

(a) Before detachment

(b) Merging to welding pool

Fig. 7-5 Images of Uncontrolled drop globular process
Fig. 7-6 are counterpart images, of those in Fig. 7-5, under (400 in./min, 30 V, 62
W/mm2). They show the droplet shortly before its detachment and merging into the weld
pool in drop globular transfer with a laser enhancement. It is apparent that this laser
enhanced drop globular transfer differs from its counterpart in conventional GMAW: its
center of the droplet sphere is approximately along the axis of the wire. There is indeed a
slight deviation of this center from the axis but observation and analysis of images in
different cycles shows (1) its magnitude and direction are both consistent in different
cycles; (2) this slight consistent deviation is away from the direction of laser application.
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It is apparent that this deviation is caused by the laser recoil pressure. Because the droplet
is approximately along the axis and the slight deviation is consistent in magnitude and
direction, the transverse location of the merging is also consistent, slightly away from the
axis of the wire. As can be seen, the application of the laser brings certain controls to the
drop globular transfer and the resultant drop globular becomes a controlled drop globular.

(a) Before detachment

(b) Merging to weld pool

Fig. 7-6 Images of controlled drop globular process
Drop globular is seldom used in industry [1-3] and its unfixed droplet trajectory in a
natural/uncontrolled form may have been the major reason. However, there is a lack of
effective solutions in literature. In Laser Enhanced GMAW, the trajectory of the droplet
is controlled by the laser recoil pressure and the merging of the droplet in drop globular
transfer becomes controllable. It is the laser that made the drop globular become
controllable in this study. Laser enhanced drop globular transfer is a controlled drop
globular but it is possible that a controlled drop globular may also be achieved using
other means.
Compared to uncontrolled drop globular process, a controlled drop globular process
produces welds more consistently because of the controlled/consistent droplet trajectory
and transverse merging location. As can be seen in Fig. 7-7(a), a typical weld produced
by uncontrolled drop globular lacks control on the transverse direction. Spatters are also
found because some droplets may merge into the weld pool at edges [1]. Rough weld
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surfaces are also found because of the unfixed positions where large droplets merge into
the weld pool. In Laser Enhanced GMAW, all issues, weld direction inconsistence,
spatters and rough weld surfaces, are resolved by the controlled/consistent droplet
trajectory, controlled/consistent/appropriate merging location and reduced droplet size, as
shown in Fig. 7-7(b). Quality welds may thus be produced by the Laser Enhanced
GMAW at a controlled drop globular transfer and drop globular thus may become a valid
process for applications where the current requires desired waveforms or need to be
below the transition current.

(b) Laser intensity of 62 W/mm2

(a) Without laser

Fig. 7-7 Typical surface appearance in comparative experiments with and without laser
under (400 in./min, 30 V, 0) and (400 in./min, 30 V, 62 W/mm2 )

As observed in Fig 7-7 (b), the metal shading surface, associated with heat affect zone,
was asymmetric in the Laser Enhanced GMAW. This was apparently caused by the part
of the laser that was not blocked by the wire and droplet.

7.2 Full Penetration
Full penetration is an important requirement in welding applications, such as butt joints,
groove joint welding. For the weld joins in closed containers, such as boiler, aerospace,
incomplete penetration may lead to cracks and rapture. Achieving full penetration is
always a focus in welding research and applications. When GMAW is used, it is much
difficult to obtain full penetration. There are many physical mechanisms unknown so that
it is very difficult to control the full penetration using GMAW. Many works have been
done to reach this goal, but not an effective method is found [86-90].
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To obtain full penetration without padding at the back is much more difficult as the
formation of the back seam is mainly determined by the gravitational force and surface
tension. The thermal field is also very important but difficult to control in real time. The
formation welds, both the front and back, and the welding angle are the basic standards to
test the achievement of full penetration. Fig. 7-8 shows the qualified and unqualified full
penetration bead with grooves. In this research, thin plate without groove is the objective
to achieve full penetration.

Fig. 7-8 Different full penetration levels
For the thin plate, if the welding current is relative high, such as higher than the transition
current, burn-through will occur. When lower welding current is adopted, short-circuiting
is expected to occur. There are many spatters generated in this process, and in this case
good formation of weld bead can sometimes not been obtained.
Laser enhanced GMAW is an effective way to achieve the free flight metal transfer with
welding current under transition one as aforementioned. Good formation of welds could
also be obtained. Laser enhanced GMAW will be an effective welding method to achieve
full penetration on thin plate without back padding and groove. To clearly illustrate the
achievement of full penetration, the bead-on-plate welds will be introduced first, and then
butt joint.

114

7.2.1 Bead on Plate Welds
A CC (constant current) continuous waveform power supply was used to conduct these
experiments. Pure argon was used as the shield gas and the flow rate was 12L/min (25.4
ft3/h). The work-piece was mild steel and experiments were done as bead-on-plate at a
varied travel speed. The thickness of weld plate is 1/8 inch (3.2mm). The wire used was
ER70S-6 of 0.8 mm (0.03 inch) diameter. The distance from the contact tube to the work
piece was 20 mm as aforementioned.
The welding current was set at four levels: 125, 130, and 135 A. The wire feed speed was
selected as 400 inches per minute. In all experiments, welding currents were not more
than 135 A which will generate short-circuiting or repelled globular transfer or non-wireaxis drop globular in the conventional GMAW. The laser beam was continuously applied
along the wire (solid and droplet) at laser intensities 62 W/𝑚𝑚2 . The travel speed was
from 4.0 to 4.5 mm/s.

Travel speed is one of the most important parameters to obtain full penetration. It will
influence the heat input to the work-piece. If the travel speed is fast, partial penetration
will be obtained. Meanwhile when the travel is slow, over-do penetration will be
achieved due to the excessive heat input. Burn through is also expected to occur if the
travel speed is further reduced.
When the travel speed is at 4.0 mm/s, shown in Fig. 7-9, too much heat input will be
taken to the work-piece. The back metal is too much, and the height of the welds is a little
too high. It also influences the formation of front seam as the total molten metal from
welding wire is a constant. Increasing travel speed to 4.1 mm/s shown in Fig. 7-10, the
tendency to obtain too high back seam is reduced. As the heat input is lower than the one
with travel speed at 4.0 mm/s, the good formation of full penetration could be obtained
occasionally.
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(a) Front image

(b) Back image
Fig. 7-9 Full penetration with travel speed at 4.0 mm/s and welding current 125A: a) front
image, b) back image
When the travel speed increases to 4.2mm/s, as shown in Fig. 7-11, both the front and
back of welds will have good formation. The penetrated metal is moderate although there
is some place with excessive metal occasionally. As the travel speed increases, the heat
input is further reduced, but not too much, it will benefits to control the flow of molten
metal.
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(a) Front image

(b) Back image
Fig. 7-10 Full penetration with travel speed at 4.1 mm/s and welding current 125A: a)
front image, b) back image

(a) Front image
Fig. 7-11 Full penetration with travel speed at 4.2 mm/s and welding current 125A: a)
front image, b) back image
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(b) Back image
Fig. 7-11 Full penetration with travel speed at 4.2 mm/s and welding current 125A
(Continued)
If the travel speed further increases, such as to 4.3mm/s and 4.4mm/s as shown in Fig. 712 and Fig. 7-13, as the heat input is further reduced, the back seam is not continuous.
However, the good formation of front seams is still achieved. It depends on the
characteristics of laser enhanced GMAW.

(a) Front image

(b) Back image
Fig. 7-12 Full penetration with travel speed at 4.3 mm/s and welding current 125A: a)
front image, b) back image
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(a) Front image

(b) Back image
Fig. 7-13 Full penetration with travel speed at 4.4 mm/s and welding current 125A: a)
front image, b) back image
There is no spatter in all there experiment results as the free flight metal transfer is
obtained. To be mentioned, the back seam is still not consistent when the travel speed is
moderate. There are many reasons to cause this phenomenon, such as electric network
fluctuation. To obtain a stable and consistent back welds, a closed-loop control system
should be built.
Welding current determines the heat input directly to the work-piece. As the mean
welding current is lower than the transition one, the variation of welding current is small.
Fig. 7-14, Fig. 7-15, and Fig. 7-16 show the front and back image of welding seams with
welding current at 130A. As shown in Fig. 7-14, if the travel is still 4.2mm/s, a little
excessive molten metal is expected to be cumulated at the back of welds. Increasing
travel speed could reduce this tendency, but also reduces the consistency of welds.
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(a) Front image

(b) Back image
Fig. 7-14 Full penetration with travel speed at 4.2 mm/s and welding current 130A: a)
front image, b) back image

(a) Front image
Fig. 7-15 Full penetration with travel speed at 4.35 mm/s and welding current 130A: a)
front image, b) back image
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(b) Back image
Fig. 7-15 Full penetration with travel speed at 4.35 mm/s and welding current 130A
(Continued)

(a) Front image

(b) Back image
Fig. 7-16 Full penetration with travel speed at 4.5 mm/s and welding current 130A: a)
front image, b) back image

121

When the welding current is 135A, the heat input from welding power supply is much
higher. Over-do full penetration will be much easier to be obtained, as shown in Fig. 7-17
and Fig. 7-18. A little higher travel speed may lead to an acceptable penetration welds
(Fig. 7-19). To achieve a moderate full penetration welding seam, the travel speed and
mean welding current should be controlled at a reasonable level.

(a) Front image

(b) Back image
Fig. 7-17 Full penetration with travel speed at 4.2 mm/s and welding current 135A: a)
front image, b) back image
7.2.2 Butt Joint
To obtain a further usability of laser enhanced GMAW on full penetration, a butt joint
welds was conducted. As there is a seam between the two plates, the heat input to achieve
full penetration will be reduced. The wire feed speed is reduced to 350 inch/min. The
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other parameters were set as the ones with bead on plate welds. Welding current was set
as 125A.

(a) Front image

(b) Back image
Fig. 7-18 Full penetration with travel speed at 4.35 mm/s and welding current 135A: a)
front image, b) back image

(a) Front image
Fig. 7-19 Full penetration with travel speed at 4.45 mm/s and welding current 135A: a)
front image, b) back image
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(b) Back image
Fig. 7-19 Full penetration with travel speed at 4.45 mm/s and welding current 135A
(Continued)
Fig. 7-20, Fig. 7-21 and Fig. 7-22 show the front and back image of butt joint full
penetration results. It was found that the penetrated metal increased as the travel speed
reduced. To achieve the same penetration result, the travel speed is a little slower than the
one with bead on plate. No spatters are generated in these processes which will reduce
the clean-up cost after welding.

(a) Front image

(b) Back image
Fig. 7-20 Full penetration with travel speed at 4.05 mm/s and welding current 125A: a)
front image, b) back image
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(a) Front image

(b) Back image
Fig. 7-21 Full penetration with travel speed at 4.15 mm/s and welding current 125A: a)
front image, b) back image

(a) Front image

(b) Back image
Fig. 7-22 Full penetration with travel speed at 4.27 mm/s and welding current 125A: a)
front image, b) back image
125

It should be mentioned that in the industrial application of full penetration on butt joint,
swinging torch is always used. Seam tracking technology is also adopted. In this case, the
welding seam will be just along the joining line of the two plates. As a preliminary
research in this dissertation, these methods are not adopted.
From the results shown above, it was found that full penetration was sensitive to the
welding current and travel speed. It was determined by the heat input to the work-piece.
To achieve a stable and consistent full penetrated welding seam, much work should be
done. It is a research focus in the welding field.

7.3 Conclusions
(1) Good formation of welds could be obtained in laser enhanced GMAW, and no
spatters were generated.
(2) Controlled drop globular transfer in Laser Enhanced GMAW offers desirable metal
transfer characteristics that benefit formation of quality welds.
(3) Controlled drop globular transfer extends the capability of the productive GMAW
process into the range of constant current that conventionally produces undesirable
drop transfer that is not most suitable for practical use.
(4) Laser enhancement provides an effective method to achieve a controlled drop
globular and to empower the GMAW to use a constant current in a much increased
range to meet the requirements from different applications.
(5) Full penetration could be obtained both bead on plate and butt joint welding, and the
results were sensitive to the mean welding current and travel speed.

Copyright © Yi Huang 2011
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CHAPTER 8 NONLINEAR CONTROL
MODELING OF DYNAMIC METAL
TRANSFER IN LASER ENHANCED GMAW
In laser enhanced GMAW, free flight metal transfer could be obtained. To achieve a
much more stable welding process, the metal transfer process should be well controlled.
To this end, the control algorithm should be developed for the future closed-loop real
time control.

8.1 Nonlinear Modeling of Dynamic Metal Transfer
To fully control the GMAW process, many models were proposed and developed for the
GMAW process. PI control strategy could be developed for maintaining the desired heat
and mass by regulating the current [91]. A steady-state model for heat and mass
transferred from the electrode to the work-piece was established [92-99]. In the later
research, robustness is also taken into account [94-102]. An adaptive multi-input multioutput (MIMO) scheme was developed to control both geometrical and thermal
characteristics of a weld based on lumped parameter and distributed parameter modeling
and identification [93-108]. However, GMAW is a complex process, and it has many
parameters to be monitored and controlled. The relationship between them can not be
considered linearly. The nonlinearities of GMAW should be considered when building
model for this process.
The laser recoil pressure force is the main effect to change the metal transfer in laser
enhanced GMAW different from the conventional GMAW. It has been estimated in the
Chapter 5. The Eq. (5-8) gives an estimation of laser recoil pressure force with moderate
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accuracy. By analyzing the electric system of laser enhanced GMAW and the forces
acting on the droplet, a nonlinear model is developed to simulate the dynamic metal
transfer process in laser enhanced GMAW.
8.1.1 Nonlinear Model Setup
Modeling of GMAW process is very important for the process control. Based on the
physical fundamental analysis of GMAW process, a nonlinear model has been set up [8285] for traditional GMAW. In laser enhanced GMAW, all the properties are the same as
the ones in conventional GMAW except laser pulse which will be taken into account to
the referred modified nonlinear model for the laser enhanced GMAW.
First, a numbers of inputs, outputs, and states for the model should be defined. These are
given as below.
States:
𝑥1 = 𝐼, Welding current;

𝑥2 = 𝑙𝑠 , Wire extension;

𝑥3 = 𝑥𝑑 , Droplet displacement;
𝑥4 = 𝑣𝑑 , Droplet velocity;

𝑥5 = 𝑚𝑑 , Droplet mass;
Outputs:

𝑦1 = 𝐼, Welding current;

𝑦2 = 𝑟𝑑 , Droplet radius;
Inputs:

𝑢1 = 𝑈𝑐 , Welding voltage;
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𝑢2 = 𝑊𝐹𝑆, Wire feed speed;

𝑢3 = 𝑟𝑑 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 , Desired droplet radius;

Now, laser enhanced GMAW can be described by the following nonlinear system.
𝑥̇ = 𝑓(𝑥) + 𝑔(𝑥)𝑢

(8-1)

𝑥 = 𝑡(𝑥), 𝑖𝑓 𝐿(𝑥, 𝑢) ≥ 0

(8-3)

𝑦 = ℎ(𝑥)

(8-2)

Now let’s examine the electric circuit of the GMAW, as shown in Fig. 8-1. The electric
relationship of welding current with other parameters could be expressed by
𝐼̇ =

𝑈𝑐 −𝑅𝐿 𝐼−𝑈𝑎𝑟𝑐 −𝑅𝑠 𝐼

(8-4)

𝐿𝑠

1

Where 𝑈𝑎𝑟𝑐 = 𝑈0 + 𝑅𝑎 𝐼 + 𝐸𝑎 (𝐿 − 𝑙𝑠 ) and 𝑅𝐿 = 𝜌𝑟 (𝑙𝑠 + (𝑟𝑑 + 𝑥)) . 𝐿 is the distance
2

from contact tube to work-piece. As discussed in the former section, it is selected as
20mm in this paper.

In this nonlinear system, the nonlinear state equations are listed below.
𝑥1̇ =

1

𝐿𝑠

1

[𝑢1 − (𝑅𝑎 + 𝑅𝑠 )𝑥1 − 𝑈0 − 𝐸𝑎 (𝐿 − 𝑥2 ) − 𝜌𝑟 (𝑥2 + (𝑟𝑑 + 𝑥3 ))𝑥1 ]
2

𝑥2̇ = 𝑢2 − 𝑀𝑅/(𝜋𝑟𝑤2 )

𝑥3̇ = 𝑥4

𝑥4̇ =

1

𝑥5

(−𝐾𝑑 𝑥3 − 𝐵𝑑 𝑥4 + 𝐹𝑡 )

𝑥5̇ = (𝐶1 𝑥1 + 𝐶2 𝜌𝑟 𝑥2 𝑥12 )𝜌𝑤
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(8-5)
(8-6)
(8-7)
(8-8)
(8-9)
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Fig. 8-1 Schematic image of GMAW process
Based on the physics fundamentals of laser enhanced GMAW, some equations used are
stated below.
𝑟𝑑 = �

3𝑥5

4𝜋𝜌𝑤

1⁄3

�

(8-10)

𝑀𝑅 = 𝐶1 𝑥1 + 𝐶2 𝜌𝑟 𝑥2 𝑥12

(8-11)

𝐹𝑙𝑎𝑠𝑒𝑟 𝑟𝑒𝑐𝑜𝑖𝑙 𝑓𝑜𝑟𝑐𝑒 = η𝑟𝑑

(8-12)

𝐹𝑔 = 𝑔𝑥5

(8-14)

𝐹𝑚 = 𝑀𝑅 ∗ 𝜌𝑤 ∗ 𝑊𝐹𝑆 = 𝜌𝑤 𝑢2 (𝐶1 𝑥1 + 𝐶2 𝜌𝑟 𝑥2 𝑥12 )
1

(8-13)

𝐹𝑑 = 𝐶𝑑 𝜋(𝑟𝑑2 − 𝑟𝑤2 )𝜌𝑝 𝑣𝑝2

(8-15)

𝐹𝑒𝑚 =

(8-16)

2

𝜇0 𝑥12
4𝜋

�𝑙𝑛

𝑟𝑑

𝑟𝑤

+ 𝑓2 �
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Combined with Eq. (4-1) and (4-7), these equations could be used to calculate the states
equations.
In the laser enhanced GMAW, laser recoil pressure force plays a significant role to
determine the detachment of droplet. In this case, modified dynamic force balance theory
was used to decide whether the droplet is detached. The reset condition can be expressed
by
𝐹𝑡 = 𝐹𝑔 + 𝐹𝑑 + 𝐹𝑚 + 𝐹𝑒𝑚 + 𝐹𝑙𝑎𝑠𝑒𝑟 𝑟𝑒𝑐𝑜𝑖𝑙 𝑓𝑜𝑟𝑐𝑒 > 𝐹𝜎

(8-17)

If the detachment criterion fulfilled,
Then

𝑥1 = 𝑥1

𝑥2 = 𝑥2
𝑥3 = �

(8-18)
(8-19)
3𝑥5

4𝜋𝜌𝑤

𝑥4 = 0

𝑥5 =

𝑥5
2

1⁄3

�

(8-20)
(8-21)

(

1

1+exp(−100𝑥4 )

+ 1)

(8-22)

Otherwise,
𝑥1 = 𝑥1

(8-23)

𝑥3 = 𝑥3

(8-25)

𝑥5 = 𝑥5

(8-27)

𝑥2 = 𝑥2

(8-24)

𝑥4 = 𝑥4

(8-26)
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The relative constants in these equations are shown in Table 8-1 [82-85].
Table 8-1 Constants used for nonlinear model
Symbol
𝑈0
𝐿𝑠
𝐵𝑑
𝐶1
𝐶2
𝐸𝑎
𝐾𝑑
𝑟𝑤
𝑅𝑎
𝑅𝑠
𝑣𝑝
𝐶𝑑
𝜌𝑝
𝜌𝑟
𝜌𝑤
𝜇0
𝜎

Value
15
2.5e-5
0.0008
2.885e-10
5.22e-10
636
3.5
0.0004
0.022
0.004
10
0.44
1.6
0.7836
7860
1.25664e-6
1

Unit
V
H
Kg/s
m3/(A s)
m3/(A Ω s)
V/m
N/m
m
Ω
Ω
m/s
Kg/m3
Ω/m
Kg/m3
(kg m)/(A2 s2)
N/m2

Description
Arc Voltage Constant
Source Inductance
Drop DAing Coefficient
Melting Rate Constant
Melting Rate Constant
Arc Length Coefficient
Drop Spring Constant
Wire Radius
Arc Current Coefficient
Welding Wire Resistance
Relative fluid to drop velocity
Drag coefficient
Plasma density
Resistivity of the electrode
Electrode density
Permeability of free space
Surface Tension Coefficient

8.1.2 Simulation Results
A simulation program for laser enhanced GMAW was developed in Simulink. It was
based on the model described in the former Section. To validate the proposed model, the
simulating results should be compared to the experimental results.
Let’s recall the exAle case again. Wire feed speed 𝑢2 will be set at 300 in./min

(0.127m/s), laser power intensity at 62 W/mm2 and welding voltage 𝑢1 at 30V. To

simulate the practical experiment environment, a Gaussian noise will be added to the
welding voltage. The noise is with noise power at 0.00001, and the sAling time was
selected at 0.0001. Other constants used in this model were listed in Table. 1.

132

Choose 1 second as the time interval to analyze. The continuous laser power was
adopted. The welding current and wire extension were shown in Fig. 8-2 and Fig. 8-3.
From Fig. 8-2, it was found that the mean welding current was about 110A. This result
agreed with the result shown in Fig. 5-1 and Fig. 5-4. The wire extension was about
8mm. The arc length will be about 8mm. By carefully analyzing the images shown in Fig.
3 (b), it was found that the arc length was about 6mm, and the wire extension was about
10mm in the experiments. There are several reasons to cause this simulation error. In this
nonlinear model, some conditions which restricted the laser enhanced GMAW were
neglected. The welding pool height above the work-piece was also not considered.
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Fig. 8-2 Welding current waveform simulation result
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Fig. 8-3 Wire extension simulation result
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The most important simulation result is the droplet mass and size. Fig. 8-4 and Fig. 8-5
show the simulating droplet radius and droplet mass. In conventional GMAW, as the
welding current is lower than the transition current, droplet needs to grow to a relative
large size to achieve enough gravitational force to compensate the lack of detaching
force. Short-circuiting metal transfer always occurs. When laser was adopted, droplet
does not need to grow to such a large size. As shown in Fig. 8-4, the radius of droplet is
about 0.95mm. Although it is a little larger than the radius of welding wire, free flight
transfer was obtained. The simulation result agrees with the experiments results very
well.
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Fig. 8-4 Droplet radius simulation result
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Fig. 8-5 Droplet mass simulation result
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To better understand the metal transfer process, the forces acting on the droplet will be
analyzed. Fig. 8-6, Fig. 8-7, Fig. 8-8, Fig. 8-9, Fig. 8-10 and Fig. 8-11 show the
simulating results of detaching forces. As shown in Fig. 8-6 and Fig. 8-7, the
aerodynamic drag force and momentum force acting on the droplet were very small. For
the momentum force, it was almost a constant during the welding process. The
electromagnetic force was still the main detaching force in the laser enhanced GMAW,
and it will compensate most of surface tension. The gravitational force increases with the
increase of droplet mass, and the simulating result shows that it is an important detaching
force.
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Fig. 8-6 Aerodynamic drag force simulation result
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Fig. 8-7 Momentum force simulation result
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Fig. 8-8 Electromagnetic force simulation result
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Fig. 8-9 Gravitational force simulation result
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Fig. 8-10 Laser recoil pressure force simulation result
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Fig. 8-11 The total detaching force simulation result
Laser recoil pressure force was an additional detaching force in laser enhanced GMAW
compared to conventional GMAW. Compared the results shown in Fig. 8-9 and Fig. 810, it was found that the magnitude of laser recoil pressure force is closed to the
gravitational force. It indicates that laser recoil pressure force was another main
detaching force to determine the droplet detaching process. Fig. 8-11 shows the total
detaching force.
The droplet displacement and velocity results are shown in Fig. 8-12 and Fig. 8-13.
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Fig. 8-12 The droplet displacement simulation result
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Fig. 8-13 The droplet velocity simulation result
As discussed in the former Section, to better utilize the laser power, pulsed laser will be
used. In this nonlinear model, the pulsed laser recoil pressure force was controlled by the
droplet radius. When the desired droplet radius was fulfilled, laser will exert an additional
detaching force on the droplet. The laser recoil pressure force did not affect the welding
current (Refs. 1-3), so the welding current will be kept the same with and without laser
pulse. As shown in Fig. 8-14, the droplet radius was also the same as the one with
constant laser shown in Fig. 8-4. Examining the wire extension (seen in Fig. 8-15 and
Fig. 8-3), the same result was obtained. It indicated that the laser did not influence the
wire melting, but only exerted an auxiliary detaching force onto the droplet.
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Fig. 8-14 Droplet radius simulation result with pulsed laser
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Fig. 8-15 Wire extension simulation result with pulsed laser
As the welding current and droplet radius were not changed, and all the other welding
parameters were also not altered, the aerodynamic drag force, the momentum force, the
electromagnetic force, and the gravitational force were not changed. Before the droplet
grew to the desired size, there was not laser recoil pressure force on the droplet. When the
criterion was fulfilled, the laser pulse would be exerted on the droplet. Fig. 8-16 show the
laser recoil pressure force when pulsed laser was adopted in the laser enhanced GMAW.
As shown in Fig. 8-17, the sudden increase in the total detaching force 𝐹𝑡 was caused by
the adding the laser recoil pressure detaching force.
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Fig. 8-16 Laser recoil pressure force simulation result with pulsed laser
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Fig. 8-17 The total detaching force simulation result with pulsed laser
From the analysis above, it is found that this nonlinear model is suitable to forecast the
droplet growing process, and for the further process control. For the future closed-loop
control, the input welding voltage will be replaced by the real welding voltage which will
be obtained from the voltage sensor. In this case, all the states calculating will be based
on the practical values. The results will be much more accurate. If this model can be
combined with sensing technology, such as image processing sensing, spectrum sensing,
the droplet in laser enhanced GMAW will be controlled at any desired size under any
desired welding current.

8.2 Neural Network Model to Predict the Metal Transfer
In laser enhanced GMAW, the droplet size is a critical parameter that determines the
process stability and produce desired appearance and quality of welds. Relatively large
droplet size would lead to ripples in the welds and decrease the directionality of the
welds. However, its direct measurement requires a high speed camera which may not be
preferred for manufacturing applications. A soft-sensing model may thus provide an
alternative to estimate the droplet size and transfer rate for the control of the laser assisted
GMAW.
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Soft-sensing technology has been widely used in process control and application [109110]. Establishing a suitable model to estimate variables in a process that can’t be
measured or can’t be measured conveniently online has become an important research
subject. Methods to establish such models include mechanism modeling and regression
modeling [111].
To be effective, a mechanism modeling based method requires in-depth comprehensive
knowledge about the process mechanism. Such knowledge can help establish a
mechanism model based on the physical relationship of the primary and auxiliary
variables which may be controlled in the process. While explicit physical meaning is
contained in this kind of model, the model could be complicated in most situations and
has relatively large number of coefficients to be determined. In addition, this method
can’t be applied for processes where the process mechanism is not clear.
In industrial processes, many objects are characterized by complicated uncertainty, realtime, and high nonlinearity. Their mechanism modeling is complex and difficult.
Regression models have thus been adopted by many researchers to make on-line
estimation become possible [112-115]. Regression models can be established based on
regression analysis of experimental data from the process. A regression model may be
classified to either a linear or nonlinear model. For linear models, the least squares
method [116] is widely/typically used to estimate the model coefficients/parameters. As
an effective method for establishing nonlinear regression models, artificial neural
network (ANN) [117] has been extensively applied due to its nonlinear mapping ability.
Many process soft-sensing modeling efforts are based on ANN technology, and BP-ANN
and RBF-ANN [117-119] are the most widely used ANN technologies. Although BPNN
has been applied extensively, there are still some limitations, such as slow convergence
speed of learning algorithm, local minimization, and over-fitting phenomenon [120]. In
order to overcome these shortcomings, intelligent optimization algorithms [121-126]
have been adopted to optimize the ANN. The optimization often aims to improving
weights, network structure, and learning rules.
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Inspired by the social behavior of animals such as bird flocking, fish schooling and
swarm theory [124], particle swarm optimization (PSO) was firstly proposed as a
stochastic search approach [125-126]. PSO is a kind of heuristic algorithms based on
swarm intelligent, and its idea roots in artificial life and evolutionary computation theory.
PSO drew much attention in decades because of the features of simple computation and
rapid convergence capability, and has been applied to many scientific computation and
engineering optimization problems [127-129]. As an effective training algorithm for
artificial neural networks, PSO is easy to be realized, and can be used to adjust the
weights of ANN conveniently [130-132]. Based on the basic PSO algorithm, improved
PSO algorithms have been proposed to improve the optimization. Sub-swarms are
introduced in TSCPSO algorithm to improve the global search ability of PSO, and
desired results have been obtained [133-134].
In this dissertation, LS method, BPNN, PSO-BPNN and TSCPSO-BPNN models are
proposed to realize real-time estimation of droplet size/diameter and transfer rate. By
comparing the results from these methods, an optimal method will be chosen as the
preferred estimation method for future real-time control. The experiment parameters are
from the Chapter 5.
8.2.1 Least Squares Regression
In laser enhanced GMAW, as a CV mode power supply was adopted, the welding current
will be mainly determined by the wire feed speed and welding voltage. Laser was only to
change the droplet transfer mode, not to influence the welding parameters. As the wire
extension was fixed in all these experiments, the droplet size and transfer rate will be
mainly determined by the wire feed speed, welding voltage and laser power intensity. In
previous discussion, the physical mechanism was preliminary discussed, but the
relationship among these parameters was not clear enough to set up the real-time control
algorithm. To this end, soft-sensing method was chosen as the alternative method to
estimate this relationship.
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Before establishing a soft-sensing model, a set of auxiliary variables need to be selected
for estimating the droplet size and transfer rate after GMAW process mechanism and
influential factors are analyzed. Then, the model can be obtained based on these
variables. Furthermore, soft-sensing can be realized in real-time through the model based
on the auxiliary variables. Fig. 8-18 shows the inputs and outputs of the Laser-enhanced
GMAW process. 𝑊. 𝐹. 𝑆 is the wire feed speed, 𝑈 is the voltage, 𝐿 is the laser power

intensity, 𝐷𝐷 is the droplet diameter, and 𝐷𝑇𝑅 is the droplet transfer rate. Here, the

droplet diameter is used to denote the droplet size, and the value of 𝐷𝑇𝑅 is the duration

time of a droplet. The droplet diameter growth speed is determined by 𝑊. 𝐹. 𝑆 and 𝑈, and
the 𝐿 influences the final droplet diameter when it transfers. Besides, all the three inputs

correlate to 𝐷𝑇𝑅 . Hence 𝑊. 𝐹. 𝑆 , 𝑈 , and 𝐿 are selected as the auxiliary variables to
estimate 𝐷𝐷 and 𝐷𝑇𝑅.

W.F.S
U
L

DD
Laser-enhanced
GMAW

DTR

Fig. 8-18 System inputs and outputs
Table 8-2 shows auxiliary and estimation variables. In the welding process, the auxiliary
variables were obtained through the monitoring system. Prior to establishing the model,
the data have to be pretreated. Some wrong data need to be deleted in this step to improve
the accuracy of the acquired data. More than 200 sets data were collected after
experiments, and 137 sets are available for modeling. 103 sets of data are selected as
training samples, other 24 set of data are used as test samples.
Because different variable has different unit, a variable may differ from other variables in
several orders. It is thus necessary to normalize all the data in order to map all the data
into [0, 1], because modeling results may be improved if normalized data is used to
establish model. Normalization can be described as follows. If data sample space of a
variable is 𝑥 = (𝑥1 , 𝑥2 , … 𝑥𝑛 ), then normalized data is:
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𝑥𝑖′ = (𝑥𝑖 − min (𝑥))/(max(𝑥) − min (𝑥))

(8-28)

Table 8-2 Auxiliary and estimation variables

1

Variable

Name

Unit

Range

𝑊. 𝐹. 𝑆

Wire Feed Speed

Inch/min

250~400

Voltage

26~32

𝐿

Laser Power Intensity

𝑉

0.7~3.1

𝐷𝑇𝑅

Droplet Transfer rate

𝑚𝑚

𝑈

2
3

𝐷𝐷

4
5

Droplet Diameter

W/𝑚𝑚2

46~62

𝑚𝑠

20~440

The widely used least square method is used to construct the regression equation to
estimate 𝐷𝐷 and 𝐷𝑇𝑅 in this section. In the previous discussion, the inputs are 𝑊. 𝐹. 𝑆, 𝑈

and 𝐿, the outputs are 𝐷𝐷 and 𝐷𝑇𝑅. Here, the outputs are also 𝐷𝐷 and 𝐷𝑇𝑅 , but the

inputs have to be updated. For convenience, 𝑢, 𝑣 and 𝑤 are used to denote 𝑊. 𝐹. 𝑆, 𝑈 and

𝐿 respectively.

First, the inputs are selected as [𝑢, 𝑣, 𝑤, 𝑢𝑣, 𝑢𝑤, 𝑣𝑤, 𝑢2 , 𝑣2 , 𝑤2 ] to establish the regression
equation. The simulation results are shown in Fig. 8-19. Table 8-3 shows the simulation
errors.
Table 8-3 Simulation errors of LS regression with 9 parameters

𝐷𝐷

𝐷𝑇𝑅

Training

Training

Training

Testing

Testing

Testing

RMSE

ABE

RE

RMSE

ABE

RE

0.2331

0.1850

0.1191

0.2231

0.1662

0.1065

33.2066

24.3997

0.2115

30.2734

19.4012

0.1403
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Fig. 8-19 Simulation results based on LS regression with 9 parameters: a) 𝐷𝐷, b) 𝐷𝑇𝑅

When

[𝑢, 𝑣, 𝑤, 𝑢𝑣, 𝑢𝑤, 𝑣𝑤, 𝑢2 , 𝑣 2 , 𝑤 2 , 𝑢𝑣𝑤, 𝑢3 , 𝑣 3 , 𝑤 3 , 𝑢2 𝑣, 𝑢2 𝑤, 𝑣 2 𝑢, 𝑣 2 𝑤, 𝑤 2 𝑢, 𝑤 2 𝑣]

are

selected as inputs, the simulation results are shown in Fig. 8-20. Table 8-4 shows the
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simulation errors, and it can be seen that the estimation is improved as the number of the
parameters increases.
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Fig. 8-20 Simulation results based on LS regression with 19 parameters: a) 𝐷𝐷, b) 𝐷𝑇𝑅
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Table 8-4 Simulation errors of LS regression with 19 parameters

𝐷𝐷

𝐷𝑇𝑅

Training

Training

Training

Testing

Testing

Testing

RMSE

ABE

RE

RMSE

ABE

RE

0.1856

0.1458

0.0951

0.1822

0.1283

0.0856

21.0763

15.8426

0.1836

16.4199

13.2829

0.1752

8.2.2 BPNN Model Establishment
Due to its nonlinear mapping function, BPNN has been applied to establish soft-sensing
models widely. BPNN model will be established to obtain the relationships between the
welding parameters, 𝐷𝐷 and 𝐷𝑇𝑅 in this section. After the model is achieved, it will be
used to estimate 𝐷𝐷 and 𝐷𝑇𝑅 of the droplet based on welding parameters in real time. In
order to compare the estimation results with the LS regression, the nodes of hidden layer
is selected as three, and the number of the parameters is thus sixteen which is close to
nineteen used above in the LS regression.
The weights of the BPNN model are shown as follows, and the superscript of the weights
denotes its layer,
1
1
1
1
1
1
1
1
1
1
1
2
[𝑤1,1
, 𝑤1,2
, … , 𝑤1,𝑛
, 𝑏11 , 𝑤2,1
, 𝑤2,2
, … , 𝑤2,𝑛
, 𝑏12
, … , 𝑤𝑚,1
, 𝑤𝑚,2
, … , 𝑤𝑚,𝑛
, 𝑏𝑚
, 𝑤12 , 𝑤22 , … , 𝑤𝑚
, 𝑏2]

The number of the weights for the BPNN model is

𝑀 = 𝑚 × (𝑛 + 1) + 𝑚 + 1

(8-29)

where 𝑛 is the number of input-layer neuron nodes, and 𝑚 is the number of hidden-layer
neuron nodes.

2
1
1)
𝑦 = ∑5𝑚=1 𝑤𝑚
× 𝑓(∑3𝑛=1 𝑤𝑚𝑛
𝑥𝑛 + 𝑏𝑚
+ 𝑏2

𝑓(𝑥) = 1⁄(1 + 𝑒 −𝑥 )
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(8-30)
(8-31)

Structure of the BPNN model is 3-3-1; the number of the weights is thus 16. After the
weights were obtained, Eq. (8-30) can be used to estimate 𝐷𝐷 and 𝐷𝑇𝑅 in real-time.
Here, 𝑥1 , 𝑥2 and 𝑥3 denote 𝑊. 𝐹. 𝑆, 𝑈 and 𝐿, and 𝑦 denotes 𝐷𝐷 and 𝐷𝑇𝑅. Based on the
R

real-time estimation of 𝐷𝐷 and 𝐷𝑇𝑅, the laser-enhanced GMAW process may be better
analyzed to benefit its process control.

Fig. 8-21 is the model simulation results based on the BPNN model. As shown in Fig. 814 the data from 1 to 103 are training data, and other 24 data are test data. Table 8-5
shows the simulation errors, and it is seen that the estimation effect is no better than the
LS regression method. After analyzing the experiments data, it was found that the
complexity of the nonlinear relationships between the welding parameters, 𝐷𝐷 and 𝐷𝑇𝑅

are not enough and the powerful universal nonlinear mapping ability of BPNN is not
fully utilized. Hence, the estimation accuracy was not improved as compared to the LS
model.
Table 8-5 Simulation errors of BPNN Model

𝐷𝐷

𝐷𝑇𝑅

Training

Training

Training

Testing

Testing

Testing

RMSE

ABE

RE

RMSE

ABE

RE

0.1764

0.1286

0.0832

0.2042

0.1716

0.1125

23.0993

17.1407

0.1811

20.5097

16.3311

0.2014

There is only one initial value in BP algorithm, and the gradient descent algorithm is
applied to obtain the model. In contrast, there is a particle swarm as initial value which
searches optimum based on experiential, oriented stochastic searching mode when the
PSO is used to train the ANN. The probability of falling into local extremum for PSO is
thus less than BP algorithm. Besides, the computation is easy and the application is more
convenient in PSO algorithm. As an effective algorithm for training the ANN, PSO has
been widely applied. It is thus used to improve the estimation in the next section.
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Fig. 8-21 Simulation results based on BPNN model: a) 𝐷𝐷, b) 𝐷𝑇𝑅
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8.2.3 PSO Based BPNN Model
In PSO, a swarm of individuals, called particles, is utilized. Assume that there are N
particles searching in a D-dimensional space. All these particles are evaluated by the
fitness function to be optimized. Initially, particles are assigned a group of random
velocities and positions. They are updated from one generation to the next. To achieve
the optimum, each particle is directed toward the personal best position, called 𝑝𝑏𝑒𝑠𝑡,

found by its own so far, and the global best position, called 𝑔𝑏𝑒𝑠𝑡, found by its neighbors
in the whole swarm.

In 𝑘th generation, the position of the 𝑖th particle, which represents the candidate solution,
is characterized as

𝑘
𝑘
𝑘
𝑥𝑖𝑘 = �𝑥𝑖1
, 𝑥𝑖2
, … , 𝑥𝑖𝐷
�, 𝑖 = 1,2, . . , 𝑛

(8-32)

The position of every particle is a solution, the fitness could be got after the function was
calculated through 𝑥𝑖 , and the 𝑥𝑖 can be evaluated based on the fitness.

𝑘
𝑘
𝑘
The velocity of the 𝑖th particle is represented as 𝑣𝑖𝑘 = �𝑣𝑖1
, 𝑣𝑖2
, … , 𝑣𝑖𝐷
�, 𝑖 = 1,2, . . , 𝑛. Let

𝑘
𝑘
𝑘
𝑝𝑖𝑘 = �𝑝𝑖1
, 𝑝𝑖2
, … , 𝑝𝑖𝐷
� represents 𝑝𝑏𝑒𝑠𝑡

denotes 𝑔𝑏𝑒𝑠𝑡.

𝑘
𝑘
𝑘
of 𝑖th particle, and 𝑝𝑔𝑘 = �𝑝𝑔1
, 𝑝𝑔2
, … , 𝑝𝑔𝐷
�

After 𝑝𝑏𝑒𝑠𝑡 and 𝑔𝑏𝑒𝑠𝑡 were obtained, the 𝑖th particle updated its velocity and position in
(𝑘 + 1) generation as follows:

𝑘+1
𝑘
𝑘
𝑘
𝑘
𝑘
= 𝑤𝑣𝑖𝑑
+ 𝑐1 𝑟1 �𝑝𝑖𝑑
− 𝑥𝑖𝑑
� + 𝑐2 𝑟2 �𝑝𝑔𝑑
− 𝑥𝑖𝑑
�
𝑣𝑖𝑑
𝑘+1
𝑘
𝑘+1
𝑥𝑖𝑑
= 𝑥𝑖𝑑
+ 𝑣𝑖𝑑

(8-33)
(8-34)

where 𝑤 is inertia weight. It introduces the weight of the current velocity on the next

generation velocity. Inertia weight usually declines with the iteration. 𝑐1 and 𝑐2 , namely

acceleration factors, are two positive constants. They can accelerate the searching speed

of the particle, and are popularly assigned to be 𝑐1 = 𝑐2 = 2 . 𝑟1 and 𝑟1 are random
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numbers uniformly distributed in [0,1]. 𝑐1 𝑟1 and 𝑐2 𝑟2 provide stochastic effects of
𝑘
𝑘
𝑘
𝑘
− 𝑥𝑖𝑑
) and (𝑝𝑔𝑑
− 𝑥𝑖𝑑
), respectively. In the searching process, all these particles
(𝑝𝑖𝑑

cooperate and compete with each other, and finally the optimal solution was achieved
while the fitness function is optimized.
The executed steps of PSO are showed as below:
Step 1: Initialize all the particles (velocity and position) randomly.
Step 2: Evaluate the fitness of each particle in the population, and derive 𝑝𝑏𝑒𝑠𝑡 and
𝑔𝑏𝑒𝑠𝑡. Stop the algorithm if terminal criterions are satisfied, otherwise go to Step 3.

Step 3: Update the velocity and position of each particle according to Eq. (8-33) and (834), and return to Step 2.

Fig. 8-22 is the PSO-BPNN model simulation results for 𝐷𝐷 and 𝐷𝑇𝑅. Table 8-6 shows

the simulation errors, and it is seen that the estimation for 𝐷𝐷 is similar to that with the
BPNN model but the estimation for 𝐷𝑇𝑅 is worse than that with the BPNN model. This
is because the hidden layer nodes are too few, and the parameters are not enough to take
advantage of the searching ability of PSO. When the hidden layer nodes are 7, the PSO-

BPNN model is better than BPNN model.
Table 8-6 Simulation errors of PSO-BPNN Model

𝐷𝐷

𝐷𝑇𝑅

Training

Training

Training

Testing

Testing

Testing

RMSE

ABE

RE

RMSE

ABE

RE

0.2433

0.1994

0.1357

0.2180

0.1583

0.1142

30.0621

24.0593

0.2823

24.8051

21.0559

0.2283
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Fig. 8-22 Simulation results based on PSO-BPNN model: a) 𝐷𝐷, b) 𝐷𝑇𝑅
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8.2.4 TSCPSO-BPNN Model
In order to avoid falling into the local extremum, PSO is similar to other stochastic
optimization algorithms in enlarging the range of searching space. In the optimization
process, particles fly to optimum orientation constantly. If particles fly to the local
extremum, velocities of all particles maybe become zero soon, particles remain still, and
it will result in local extremum convergence.
Aiming to resolving this issue, the particle swarm can be separated into three subswarms. Two sub-swarms called good sub-swarm fly in the direction of globally best
particle (𝑔𝑏𝑒𝑠𝑡). The other sub-swarm called bad sub-swarm flies against the direction of
𝑔𝑏𝑒𝑠𝑡 . During the iterations, if the global extremum does not change after several

generations and the global optimum is not found, one of good sub-swarm will be selected

to change all the particles with the bad sub-swarm. The particles in the good sub-swarm
may thus change the fly direction and will not remain still when meet the local extremum.
The possibility for local extremum convergence is thus reduced.
Three swarm cooperative particle swarm optimization (TSCPSO) is used to train the
weights of BPNN. TSCPSO improves the global search ability, and avoids local
extremum of basic PSO [129-130]. Prior to designing the TSCPSO-BPNN model, a
reasonable model structure, fitness function and search space need to be determined. The
training process of BPNN focuses on updating link weights. The search process of
TSCPSO is mainly variation of velocities and positions. The link weights of BPNN will
thus correspond with the particle position.
The number of weights that need to be optimized by PSO is given by Eq. (8-29). Particle
position vector of TSCPSO-BPNN is established according to the weights of ANN. The
training process of ANN thus becomes searching process of optimum positions.
The particle swarm is coded as follows,
1
1
1
1
1
1
1
1
1
1
1
2
Popul(i) = [𝑤1,1
, 𝑤1,2
, … , 𝑤1,𝑛
, 𝑏11 , 𝑤2,1
, 𝑤2,2
, … , 𝑤2,𝑛
, 𝑏12
, … , 𝑤𝑚,1
, 𝑤𝑚,2
, … , 𝑤𝑚,𝑛
, 𝑏𝑚
, 𝑤12 , 𝑤22 , … , 𝑤𝑚
, 𝑏2]
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The fitness function is the mean square error,
𝑓(𝑥) = min(𝑀𝑆𝐸) = min ((∑𝑁
�𝑖 )2 )⁄𝑁)
𝑖=1(𝑦𝑖 − 𝑦

(8-35)

Here, 𝑁 is the sample number, 𝑦𝑖 (𝑖 = 1,2, … , 𝑛) are the real values of the estimated

variable, and 𝑦�𝑖 (𝑖 = 1,2, … , 𝑛) are model output values of the estimated variable.
The algorithm steps for TSCPSO based BPNN can be described as follows:

Step1: Normalizing the input data and determining input and output sample sets of the
network;
Step2: Initializing the scale and other parameters in all groups;
Step3: Initializing velocity and position of particles in three groups;
Step4: Determining the fitness function
�𝑖 )2 ]/𝑁)
𝑓(𝑊, 𝐵) = 𝐸(𝑤1, 𝑏1, 𝑤2, 𝑏2) = min ([∑𝑁
𝑖=1(𝑦𝑖 − 𝑦

(8-36)

𝑦𝑖 and 𝑦�𝑖 are real and desired outputs of output-layer nodes. The fitness function is used
to evaluate particle fitness;

Step5: Updating individual optimum value based on particle search;
Step6: Updating optimum value of subgroup and whole groups;
Step7: Calculating new velocity and position of particles;
Step8: Updating optimum position of individual particle, subgroups, and whole group;
Step9: If optimum values of whole group are not improved in ten steps, turn to step10,
else turn to step11;
Step10: Changing particles between groups;
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Step11: If the stop criterion is met, search will be stopped, and the optimum values are
outputted. The network weights are adopted to calculate network outputs and to obtain
the final fitting curve. Otherwise return to step2 to continue search.
Fig. 8-23 is the TSCPSO-BPNN model simulation results for 𝐷𝐷 and 𝐷𝑇𝑅. Table 8-7

shows the simulation errors. It can be seen that the estimation with TSCPSO-BPNN

model is better than that with the BPNN and PSO-BPNN models due to its good
generalization capability. On the other hand, the estimation with TSCPSO-BPNN model
is just similar to that with the LS regression method possibly because the parameters
nonlinearity is not significant.
Table 8-7 Simulation errors of TSCPSO -BPNN model

𝐷𝐷

𝐷𝑇𝑅

Training

Training

Training

Testing

Testing

Testing

RMSE

ABE

RE

RMSE

ABE

RE

0.1962

0.1510

0.0970

0.1956

0.1476

0.0990

22.6193

16.5816

0.1791

19.1267

11.7923

0.1334

8.2.5 Comparison with LS Model
Because the relationships among the welding parameters, 𝐷𝐷 and 𝐷𝑇𝑅 may not be

nonlinear significantly, the estimation accuracy with BPNN models is no better than that
with the LS model. Due to its good generalization capability, TSCPSO-BPNN model is
better than the BPNN model and PSO-BPNN model. However, its estimation results are
only similar to those with the LS regression method.
After analyzing the estimation results, it is found that the soft sensors using LS regression
method and TSCPSO-BPNN model are capable of obtaining desired estimation. Because
a LS model is much easier to be established and realized than TSCPSO-BPNN model, the
LS model can be recommended as the preferred method in this paper to obtain real-time
estimation for 𝐷𝐷 and 𝐷𝑇𝑅 in laser enhanced GMAW for process control.
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Fig. 8-23 Simulation results based on TSCPSO-BPNN model: a) 𝐷𝐷, b) 𝐷𝑇𝑅
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8.2.6 Dimensions Reduction and Discussion
In the LS regression equation, there are nineteen parameters. Some parameters may have
not contributed to the effectiveness of the model such that the dimensions of the model
may be reduced. As a result, the model structure and calculation may be simplified.
Table 8-8 shows the simulation errors with models of reduced dimensions for 𝐷𝐷. It can

be seen that the error for model 6 is similar to that for the full model (i.e., model 1). Table
8-9 lists the variables used in the full and selected model.
Table 8-8 Simulation errors of dimensions reduction model for DD

parameter Training

Training

Training

Testing

Testing

Testing

RMSE

ABE

RE

RMSE

ABE

RE

Model1

19

0.1856

0.1458

0.0951

0.1822

0.1283

0.0856

Model2

18

0.1867

0.1466

0.0952

0.1806

0.1255

0.0833

Model3

17

0.1868

0.1466

0.0951

0.1797

0.1246

0.0824

Model4

16

0.1889

0.1476

0.0967

0.1833

0.1283

0.0833

Model5

14

0.1913

0.1485

0.0977

0.1876

0.1294

0.0840

Model6

13

0.1947

0.1495

0.0977

0.1906

0.1336

0.0859

Table 8-9 Corresponding variables of the models for DD

Parameter
Model1

19

Model6

13

Variables

[𝑢, 𝑣, 𝑤, 𝑢𝑣, 𝑢𝑤, 𝑣𝑤, 𝑢2 , 𝑣 2 , 𝑤 2 , 𝑢𝑣𝑤, 𝑢3 , 𝑣 3 , 𝑤 3 , 𝑢2 𝑣, 𝑢2 𝑤, 𝑣 2 𝑢, 𝑣 2 𝑤, 𝑤 2 𝑢, 𝑤 2 𝑣]
[𝑢, 𝑣, 𝑤, 𝑢𝑣, 𝑢𝑤, 𝑣𝑤, 𝑢2 , 𝑤 2 , 𝑢𝑣𝑤, 𝑢3 , 𝑤 3 , 𝑢2 𝑣, 𝑣 2 𝑢]

Based on the results from dimensions reduction, model 6 will be tested by F-test to find if
these models can fit the data with fewer parameters and the results are not significantly
worse. The F-test calculated results for the model is 0.8639, the corresponding critical
values of the F distribution (P= 0.05) is 2.21. It is found that F-test for model 6 meets the
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criteria. Hence, model 6 will be used to obtain estimation. Table 8-10 presents the
parameters for model 6.
Table 8-10 Parameters for Model 6

Model6

-

𝑢

0.179457378

𝑢2

0.000361667

𝑤2

-5.98E-05

-

𝑣

𝑤

𝑢𝑣

0.048453356

0.005582166

𝑢3

𝑤3

𝑢𝑤

1.76E-05

𝑣𝑤

0.000209681

0.256152635

𝑢𝑣𝑤

-8.54E-07

-2.97E-07

2.19E-08

𝑢2 𝑣

-5.64E-05

𝑣 2𝑢

-3.98E-06

The droplet size is mainly determined by the wire melting rate. Basically, the wire is
melted by the anode and resistive heat which are proportional to the current and its square
respectively. However, the resistive heat also depends on the length of the wire extension
(L). The melting rate could be simply expressed as [1-2, 23, 25]
𝑀𝑅 = 𝑎𝐼 + 𝑏𝐿𝐼 2

(8-37)

where 𝑎 and 𝑏 are constants and 𝐼 is the welding current.

In all experiments, the same welding wire was used, and wire extension was fixed. The
melting rate was thus mainly determined by the welding current. As the wire feed speed
and welding voltage determine the welding current, terms related with these two
parameters should be contained in the model. The partial derivative with respect to the
wire feed speed should be negative. Calculation shows that the dominant terms of 𝑢 are 𝑢

and 𝑢3 terms. Both their coefficients are negative. Based on the resultant models,

increasing the wire feed speed causes the droplet size to decrease. This is coincident with
the experimental results. For the welding voltage, careful analysis of all voltage terms in
the models shows that the dominant term for the welding voltage is 𝑢2 𝑣 and its

coefficient is negative and that the partial derivative with respect to the welding voltage
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𝑣 given by the models is negative. It is coincident with the analysis that the droplet size
decreases as the welding voltage increases.

For the laser intensity, calculation shows that the partial derivative with respect to the
laser intensity 𝑤 given by the model is negative and it is coincident with the experimental

results. Per [4], laser heat for the laser power range used in this study plays a relatively
insignificant role in melting the welding wire. Hence, the laser power should be a small
value term in the estimation expression. It can be found that the partial derivative with
respect to the laser intensity 𝑤 is much small and it is coincident with the above analysis.

8.3 Conclusions
A nonlinear model was set up for laser enhanced GMAW. Laser recoil pressure force was
combined into the detachment criterion to determine the droplet detaching. The
simulating results agree with the experiment ones. It indicates that this nonlinear could be
used for process control.
LS regression equation, BPNN, PSO-BPNN, and TSCPSO-BPNN models have been
established to estimate two major parameters in the laser enhanced GMAW: droplet size
and droplet transfer rate. Results obtained by the proposed TSCPSO-BPNN model are
similar with those from the much less complex LS regression and both of them can
estimate the droplet size and transfer rate accurately. Model reduction has been
conducted for the LS regression to improve the model confidence based on F-Test.
Analysis confirmed that the resultant LS model of reduced dimension coincides with the
process physics. The resultant LS model of reduced dimension can thus be proposed as a
soft sensor to estimate the droplet size and droplet transfer rate in real-time for the laser
enhanced GMAW.
Copyright © Yi Huang 2011
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CHAPTER 9 CONCLUSIONS AND FUTURE
WORK

9.1 Conclusions
Gas Metal Arc Welding (GMAW) is widely used in the manufacturing industry, such as
automotive, aerospace, and shipbuilding. Metal transfer is a very important issue, and a
good understanding of this process will benefit the application of GMAW.
In this dissertation, laser enhanced GMAW was proposed and developed by adding a low
power laser onto the droplet to generate an auxiliary detaching force. The metal transfer
type will be changed from short-circuiting or repelled globular transfer to free flight
transfer. The metal transfer in laser enhanced GMAW was systematically studied, and all
the phenomena could be explained by the established physical fundamentals. Good
surface formation of welds could be obtained, and full penetration could also be achieved
using laser enhanced GMAW. For the future closed-loop control, control algorithm was
proposed.
The main achievement and contribution of the dissertation can be summarized as follow:
(1) An experimental system has been established and the feasibility of the novel LaserEnhanced GMAW process was experimentally demonstrated; The laser aiming at the
droplet in Laser-Enhanced GMAW can apply an auxiliary detaching force without
significant additional heat;
(2) Free flight transfers could be successfully produced at continuous currents from 90 A
to 135 A with a 0.8 mm diameter steel wire without spatters;
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(3) Phenomena observed in Laser-Enhanced GMAW have been satisfactorily analyzed
by applying established theories and fundamentals; Laser enhanced metal transfer
process is also governed by the established physics of metal transfer, except there is a
need to include the additional detaching force generated by the laser; Droplet
detaching theories were reviewed and analyzed, and Dynamic Force Balance Theory
(DFBM) was selected as the main theory to analyze the metal transfer phenomenon in
laser enhanced GMAW; Laser recoil pressure force was recognized as the additional
detaching force in laser enhanced GMAW, and its value was estimated based on
established physical fundamentals.
(4) If the metal transfer is short-circuiting transfer in conventional GMAW, Laser
Enhanced GMAW may change it to drop globular transfer; if conventional and Laser
Enhanced GMAW both produce drop globular, the latter reduces the diameter of the
droplet; if the

metal transfer is short-circuiting or drop globular transfer in

conventional GMAW, Laser Enhanced GMAW may become the drop spray; the
established physics of metal transfer can explain all these changes by counting the
additional detach force introduced by the laser.
(5) Laser intensity and arc voltage are major factors affecting the metal transfer in Laser
Enhanced GMAW. The enhancement of the laser increases as the laser intensity
increases and the droplet size could be effectively controlled by changing the laser
intensity in an appropriate range. An increased arc voltage increases the current and
can affect the metal transfer through an increased electromagnetic force. An increased
arc voltage also increases the arc gap and possible time interval for the droplet to
develop to reduce the chances for short-circuiting transfer or repelled drop globular
transfer.
(6) The dynamic balance force theory could be used to explain the detaching
phenomenon in laser enhanced GMAW. The gravitational force difference due to the
mass change when laser was adopted could be used to estimate the laser recoil
pressure force, and the result had a reasonable accuracy.
(7) Good formation of welds could be obtained in laser enhanced GMAW, and no
spatters were generated. Full penetration could be obtained both bead on plate and

161

butt joint welding, and the results were sensitive to the mean welding current and
travel speed.
(8) Controlled drop globular transfer in Laser Enhanced GMAW offers desirable metal
transfer characteristics that benefit formation of quality welds. Controlled drop
globular transfer extends the capability of the productive GMAW process into the
range of constant current that conventionally produces undesirable drop transfer that
is not most suitable for practical use. Laser enhancement provides an effective
method to achieve a controlled drop globular and to empower the GMAW to use a
constant current in a much increased range to meet the requirements from different
applications. Droplets can be detached at a given/desired diameter in a reasonable
range by applying an appropriate laser intensity under a given current (arc variable) in
a reasonable range and the needed laser intensity is determined by the desired droplet
diameter and the used welding current (arc variable).
(9) A nonlinear model was set up for laser enhanced GMAW. Laser recoil pressure force
was combined into the detachment criterion to determine the droplet detaching. The
simulating results agree with the experiment ones. It indicates that this nonlinear
could be used for process control.
(10)

LS regression equation and TSCPSO-BPNN models have been established to

estimate two major parameters in the laser enhanced GMAW: droplet size and droplet
transfer rate. Results obtained by the proposed TSCPSO-BPNN model are similar
with those from the much less complex LS regression and both of them can estimate
the droplet size and transfer rate accurately. Model reduction has been conducted for
the LS regression to improve the model confidence based on F-Test. Analysis
confirmed that the resultant LS model of reduced dimension coincides with the
process physics. The resultant LS model of reduced dimension can thus be proposed
as a soft sensor to estimate the droplet size and droplet transfer rate in real-time for
the laser enhanced GMAW.
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9.2 Future Work
The main objective of this research is to develop a novel laser enhanced GMAW and
realize the control of metal transfer at given variables. To realize the industrial potential
of laser enhanced GMAW, more work should be done to improve this novel method in
several aspects which are listed as below.
(1) Most of the experiments are conducted using CV or CC welding power supply in this
research. Pulsed welding power may be utilized in the future research. With pulsed
welding current waveform, the base current is used to keep the arc and the peak
current is used to grow the droplet. The peak welding current is not higher than the
transition one. Laser recoil pressure force will be added as an additional detaching
force. In this case, the droplet could be detached at even lower mean welding current.
Further if the pulsed laser power is used, it will be better. This work has been done in
Chapter 6. However, the metal transfer achieved is not assured to One Pulse One
Droplet (OPOD). To achieve OPOD, more work should be done.
(2) Laser recoil pressure force is main detaching effect from the lower power laser. To
better understand the mechanism of this force will benefit the utilization of this novel
welding process. In this research, the laser recoil pressure is only estimated at an
acceptable level, but not accurate enough. To explore the mechanism of laser recoil
pressure will be the future task.
(3) All the experiments in this research were conducted in an open-loop control system.
To obtain a much more stable and consistent process, a closed-loop real time control
algorithm should be established. The imaging processing technology could be
adopted as the sensing technology. High speed camera could be used to record the
metal transfer process, and then the image from the recorded video could be
processed to obtain the droplet information, such as the droplet size, position. In this
case, closed-loop control could be built to precisely monitor the laser. The laser pulse
could be exerted on the droplet when the desired droplet size is fulfilled.
Copyright © Yi Huang 2011
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